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Im Rahmen dieser Arbeit wurden organische Halbleitermaterialien verwendet, um damit die 
Transporteigenschaften von Metal/GaAs(100) Schottky-Kontakten zu kontrollieren. Ziel ist es, Strom-
Spannungs- (J-V) und Kapazitäts-Spannungs-Kennenlien (C-V) zu verstehen. Zur chemischen und 
elektronischen Charakterisierung der GaAs(100)-Oberflächen, organische Molekül/GaAs(100)-
Grenzflächen und der Metall/organische Molekül-Grenzflächen wurden die Photoelektronenspektroskopie 
(PES) und Nahkantenröntgenabsorptionsspektroskopie (NEXAFS) eingesetzt. 
Verschiedene GaAs(100)-Oberflächen, wie die reine GaAs(100)-c(4×4)-, die Wasserstoff-Plasma 
behandelte GaAs(100)- und die chalkogenpassivierte GaAs-Oberflächen, wurden als Substrate für die 
organische Molekularstrahldeposition (OMBD) verwendet. In der Arbeit wird der Einfluss der chemischen 
und elektronischen Eigenschaften dieser Substratoberflächen auf das Wachstum von organischen 
Molekülen auf deren Oberflächen untersucht. 3,4,9,10-Perylentetracarboxylic Dianhydrid (PTCDA) und 
Dimethyl-3,4,9,10-Perylentetracarboxyl Diimid wurden zur organischen Modifizierung von 
Metall/GaAs(100)-Schottky-Kontakten verwendet. Die organischen Moleküle werden anfänglich an 
Defekten der GaAs(100)-Oberflächen adsorbiert. Die Adsorption an Defekten führt zu einer Reduktion 
der inhomogenen Bandverbiegung der GaAs(100)-Oberfläche. Aus den PES-Spektren wurden 
Energiebanddiagramme für organische Schicht/GaAs(100)-Grenzflächen und Metall/organische 
Grenzflächen abgeleitet. Entsprechend der relativen energetischen Lagen des Leitungsbandminimums von 
GaAs(100)-Oberflächen und des niedrigsten unbesetzten Molekülorbitals der organischen Schichten 
werden Interfacedipole ausgebildet. Die Verwendung von anorganischen Substraten mit systematisch 
variierender Elektronenaffinität (EA) stellt eine neue Methode zur Bestimmung des Transportniveaus von 
Elektronen in der organischen Schicht dar. Bei Einfügung von dünnen PTCDA-Schichten zwischen Ag-
Elektrode und GaAs(100)-Oberfläche, wurde beobachtet, dass die J-V-Kennlinien in Abhängigkeit von 
der Dicke der organischen Schicht und der Behandlung der GaAs-Oberflächen systematisch variierte. 
Dieses Verhalten kann unter Verwendung des Energieniveaudiagramms, das mittels PES bestimmt wurde, 
und durch eine Barrierenerniedrigung infolge von Bildkräften gut erklärt werden. Durch die Kombination 
von Oberflächenbehandlung und Einfügen einer dünnen definierten organischen Schicht kann die 
effektive Barrierenhöhe in einem breiten Bereich verändert, d. h. letztendlich definiert eingestellt und 
kontrolliert werden. Daraus ergibt sich die Möglichkeit, die Leistungsaufnahme von GaAs-Schottky-
Kontakten zu reduzieren.  
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Figure 5.5. VB spectra of the GaAs(100) surface after S2Cl2 treatment and subsequent annealing. ⋅ ⋅ ⋅ ⋅ 42 
Figure 5.6. The evolution of φS and EVBM as a function of annealing temperature for S2Cl2 treated 
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Figure 5.8. VB spectra of differently treated GaAs(100) surfaces, from the lowest spectrum GaAs(100)-
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Figure 6.1. Core level spectra upon deposition of PTCDA on (a) GaAs(100)-c(4×4), (b) S-GaAs(100), (c) 
Se-GaAs(100) surfaces. Arrows indicate the sharpening of the core level lineshape upon PTCDA 
deposition. ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 47 
Figure 6.2. Se3d core level spectra before and after deposition of 0.1 nm PTCDA on Se-GaAs(100) 
surface. Values of the Gaussian broadening obtained from curve fitting are included. ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 48 
Figure 6.3. Normalized intensities of Ga1 components as a function of PTCDA thickness on different 
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Figure 6.4. VB spectra upon deposition of PTCDA on (a) GaAs(100)-c(4×4), (b) S-GaAs(100), (c) Se-
GaAs(100) surfaces. The spectra for PTCDA/GaAs(100)-c(4×4) and PTCDA/Se-GaAs(100) were 
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Figure 6.5. The evolution of the EF position above VBM as a function of PTCDA thickness on different 
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Figure 6.6. Energy level alignment at interfaces of PTCDA on GaAs(100) surfaces with different IEs. The 
shaded region represents the possible energy position range of LUMO. The lower and upper limits are 
drawn considering the optical (2.2 eV) and transport (2.8eV) HOMO-LUMO gap of the PTCDA films. 
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Figure 6.7. The interface dipole formed at PTCDA/GaAs(100) interfaces vs. EAS of GaAs(100) surfaces.  
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Figure 6.8. VB spectra upon deposition of DiMe-PTCDI on S-GaAs(100) surface (hν = 21.22eV). Solid 
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Figure 6.9. Comparison of VB spectra of PTCDA and DiMe-PTCDI films on S-GaAs(100) surfaces (hν = 
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Figure 6.10. The evolution of φ as a function of organic layer thickness for PTCDA and DiMe-PTCDI 
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Figure 6.12. NEXAFS spectra for films of 20 nm PTCDA and DiMe-PTCDI taken at angle of 70o between 
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Figure 7.1. The evolution of Se3d, Mg2p, As3d and Ga3d core level spectra as a function of Mg thickness 
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Figure 7.2. Comparison of Se3d and Mg2p core level spectra in the presence and absence of PTCDA 
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Figure 7.3. VB spectra of (a) Mg/Se-GaAs(100), (b) Mg/PTCDA(0.1nm)/Se-GaAs(100) as a function of 
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Figure 8.1. VB spectra as a function of Ag thickness on (a) 10 nm PTCDA and (b) 10 nm DiMe-PTCDI 
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Figure 8.3. XRD spectra of 50 nm Ag films on the 10 nm PTCDA and DiMe-PTCDI films. ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 67 
Figure 8.4. The evolution of φ as a function of Ag thickness deposited on 10 nm films of PTCDA and 
DiMe-PTCDI. For comparison values of φ for the polycrystalline Ag film and single crystalline Ag(111) 
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Figure 8.5. VB spectra as a function of In thickness on (a) 10 nm PTCDA and (b) 10 nm DiMe-PTCDI 
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Figure 8.6. The evolution of intensities corresponding to gap states R3’ and R3’’ as a function of In 
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Figure 8.8. The evolution of φ as a function of In thickness deposited on 10 nm films of PTCDA and 
DiMe-PTCDI. For comparison the value of φ for the polycrystalline In film is included. Solid lines are 
guides for the eye. ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 72 
Figure 8.9. Comparison of the evolution of φ and the binding energy of band B’’ during deposition of In 
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Figure 8.10. Energy level diagram at In/DiMe-PTCDI interface. Shaded region indicates the intermixed 
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Figure 8.11. C K-edge NEXAFS spectra at two different (0o and 70o) angles between the incidence photon 
and the surface normal for (a) PTCDA film of 20 nm thickness, (b) 0.7 nm Ag, (c), (d) 0.03 and 0.5 nm 
Cs, and (e), (f) 0.3 and 0.7 nm In on 20 nm PTCDA films. Solid lines are guides for the eye. ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 74 
Figure 8.12. O K-edge NEXAFS spectra at two different (0o and 70o) angles between the incidence photon 
and the surface normal for (a) PTCDA film of 20 nm thickness, (b) 0.7 nm Ag, (c), (d) 0.03 and 0.5 nm 
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Figure 8.13. C K-edge NEXAFS spectra at two different (0o and 70o) angles between the incidence photon 
and the surface normal for (a) DiMe-PTCDI film of 20 nm thickness, (b) 0.7 nm Ag, (c), (d) 0.03 and 0.1 
nm Cs, and (e), (f) 0.3 and 0.7 nm In on 20 nm DiMe-PTCDI films. Solid lines are guides for the eye. 77 
Figure 8.14. N K-edge NEXAFS spectra at two different (0o and 70o) angles between the incidence photon 
and the surface normal for (a) DiMe-PTCDI film of 20 nm thickness, (b) 0.7 nm Ag, (c), (d) 0.03 and 0.1 
nm Cs, and (e), (f) 0.3 and 0.7 nm In on 20 nm DiMe-PTCDI films. Solid lines are guides for the eye. 77 
Figure 8.15. O K-edge NEXAFS spectra at two different (0o and 70o) angles between the incidence photon 
and the surface normal for (a) DiMe-PTCDI film of 20 nm thickness, (b) 0.7 nm Ag, (c), (d) 0.03 and 0.1 
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Figure 9.1. In situ J-V characteristics of Ag/GaAs(100) and Ag/S-GaAs(100) Schottky contacts on a semi-
logarithmic scale. The measurements were performed at RT. The fitting results of the forward bias region 
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Figure 9.3. In situ C-V characteristics of Ag/GaAs(100) and Ag/S-GaAs(100) Schottky contacts  measured 
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Figure 9.4. In situ J-V characteristics of Ag/PTCDA/GaAs(100) contacts on a semi-logarithmic scale as a 
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Figure 9.5. In situ J-V characteristics of Ag/PTCDA/S-GaAs(100) contacts on a semi-logarithmic scale as 
a function of the PTCDA interlayer thickness at RT. The contact area is 2.1×10-7 m2. ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 82 
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Figure 9.7. Energy level diagram for Ag/PTCDA/GaAs(100) and Ag/PTCDA/S-GaAs(100) Schottky 
contacts measured using PES. The diagram can explain the effective barrier height at dPTCDA < 6 nm. 84 
Figure 9.8. In situ C-V characteristics as a function of PTCDA thickness for (a) Ag/PTCDA/GaAs(100) 
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1.1. Organic electronics 
 
For the past forty years silicon (Si) and gallium arsenide (GaAs), silicon dioxide insulators, and metals 
such as aluminum and copper have been the backbone of the semiconductor industry. However, there has 
been a growing research effort in “organic electronics” to improve the semiconducting, conducting, and 
light-emitting properties of organic solids (molecular organic semiconductors and polymers) and hybrids 
(organic-inorganic composites) [For97,Gar94,Cro00,Ali98,Sha91]. Performance improvements, coupled 
with the ability to process these “active” materials at low temperatures over large areas on flexible 
materials such as plastic or paper, may provide unique technologies and generate new applications. 
Innovative organic materials have been essential to the unparalleled performance increase in 
semiconductors at the consistently lower costs. The majority of these organic materials are either used as 
passive photoresists or insulators and take no active role in the electronic functioning of a device. 
Photoresists are the key materials that define chip circuitry and enable the constant shrinking of device 
dimensions [Mor88,Won93]. In the late 1960s, photoresist materials limited the obtainable resolution of 
the optical tools to ~ 5.0 µm. As optical tools continued to improve, owing to unique lens design and light 
sources, new resists had to be developed to continue lithographic scaling. Polymeric insulators have also 
been essential to the performance and reliability of semiconductor devices. They were first used in the 
packaging of semiconductor chips, where low-cost epoxy materials found applications as insulation for 
wiring in the fabrication of printed wiring boards and as encapsulants to provide support and protection 
and hence reliability for the chips. In both cases, organic materials do not conduct current to act as 
switches or wires, and they do not emit light. 
Efforts on “active” organic materials initiated in academia and in industrial research laboratories in the 
1970s and 1980s have led to a dramatic improvement in performance due to innovative chemistry and 
processing, as well as the growing ability to understand and control the ordering of molecular organic 
semiconductors, polymers, and nanocrystals. Research efforts on semiconducting conjugated organic 
thiophene [Hor89,Gar94], thiophene polymers [Bur88,Bao96,Bro95], and the small pentacene molecule 
[Lin97,Dod95,Dim99,Sch00] have led to improvements in the mobility of these materials by five orders of 
magnitude over the past 15 years. As each material appears to reach its limit in mobility and saturate in 
performance, another improved system takes its place. Evaporated films of pentacene have achieved 




mobilities at room temperature (RT) comparable to that of the amorphous silicon used to fabricate thin 
film transistors.  
Since these evaporated organic materials are polycrystalline, it will be difficult to achieve the mobility of 
the single-crystal silicon used in high-performance microprocessors. Measurements on single organic 
crystals of p-type pentacene [Sch00] and n-type perylene [Sch00b], which mark the state of art of 
performance, show mobilities of 2.7 and 5.5 cm2/V⋅s at RT, orders of magnitude lower mobility than 
single-crystal silicon. Further research is needed to improve the mobility and environmental stability of n-
type and p-type materials, as well as a fundamental understanding of electron injection, metal contact, 
electron transport, surface modification, and so on. However, organic systems offer a great deal of 
flexibility in their synthesis, and as chemists develop new materials, it is hoped that mobility will continue 
to improve, perhaps reaching the performance of polysilicon and expanding the applications of such 
materials to low-cost logic chips. 
While these carrier mobilities in organic materials are now useful for applications that do not require high 
switching speeds, all of the previously reported materials operated at high voltages. A method of 
providing low-voltage operation of these materials was recently reported [Dim99,Kow98], enabling 
applications for portable electronics where battery lifetime is a concern. An approach to overcome the 
limitation of their low mobilities is to use organic molecules in the form of organic/inorganic 
heterostructures. In this way organic molecules become applicable for high frequency devices. Moreover, 
it is reported that, using such organic/inorganic heterostructures, it is possible to tune the transport 
properties of the devices [Kow98]. 
Significant enhancements in performance have been seen in the development of organic light emitting 
diodes (OLEDs). Currently, the highest observed luminous efficiencies of derivatives of these materials 
exceed that of incandescent lighbulbs [She96]. The electronic and optical properties of these “active” 
organic materials are now suitable for low-performance, low cost electronic products that can address the 
needs for lightweight portable devices. 
As mentioned, the ability of chemists to optimize the properties of the organic materials has provided key 
contributions to the growth of the electronics industry. However, it is possible that within the next ten 
years we may reach the limits of performance improvements in silicon devices, magnetic storage, and 
displays that can be provided at a reasonable cost. As in the past, basic research on materials may provide 
a path to new product. 
The field of organic electronics is continuously growing, fueled by the promise of new products and 
applications that can be derived from electronically and optically active organic and organic/inorganic 
hybrid material systems. Long term research efforts and innovation are needed to provide new organic 
semiconductors, organic light emitters, and conducting polymers with improved performance, 
processability, and environmental stability to oxygen and moisture. The successful development of these 








1.2. Organic modification of GaAs Schottky contacts 
 
Frequency conversion using nonlinear elements is a key concept of high-frequency and microwave 
technology. Besides mixing and multiplying of frequencies this principle also covers the modulation and 
detection of signals. Mixers and modulators are found in almost any telecommunication system. Although, 
in theory, any nonlinear or rectifying device can be used, only a few devices satisfy the practical 
requirements of mixer operation. The nonlinear device most often employed for mixing is the Schottky 
barrier diode consisting of a rectifying metal/semiconductor junction. GaAs Schottky diodes are 
commercially available up to frequencies of 150 GHz [Kow98]. However, for any low-cost mass 
production device in telecommunication, satellite receivers, or automobile distance radar the disadvantage 
lies in the relatively high necessary bias voltage leading to high power consumption and low sensitivities 
combined with high requirements concerning the stability and noise of the voltage sources. 
Solutions based on the metal are limited as the few technologically relevant contact metals have hardly 
any influence on the interface potential height. In principle the introduction of interlayers consisting of 
conventional inorganic semiconductor materials is feasible. However, the choice is strongly restricted by 
the necessary lattice match between GaAs and the interlayer material resulting in expensive fabrication. 
The most promising approach lies in the use of organic ultra-thin films as “active” interlayers between 
GaAs and the metal. This uses a semiconducting nature of organic molecules. Recently, a prototype 
organic molecular semiconductor, 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) was employed 
in InP Schottky diodes and the possibility for high frequency applications was investigated [Kow98] The 
results clearly point out that the organic/inorganic devices are superior to a conventional GaAs Schottky 
diodes in the frequency range below 1 GHz as a consequence of lowered bias voltages. An estimate of 42 
GHz is given for the high frequency limit for an optimized device design. The results also indicate that the 
device performance depends on the detailed nature of the semiconductor surface, growth conditions for 
organic interlayer, and type of metals used as the top electrode. In order to optimize the device 
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Figure 1.1. Organic modified GaAs Schottky contacts and principal components for the
characterization [Thanks to G. Salvan]. 




performance it is essential to develop a detailed understanding of the electronic structure of organic 
semiconductors and how the use of different materials could control injection, migration, and 
recombination of carriers. In addition it is important to understand how interface or barrier layers may 
affect the properties of the devices. Despite efforts on the characterization of films and interfaces formed 
at organic semiconductors, most of the questions still remain unsolved. 
The object of this work is to understand device characteristics of organic modified Schottky diodes in 
combination with the investigation of chemical and electronic properties of films and interfaces formed in 
the metal/organic/inorganic heterostructures. In this study GaAs(100) is used as substrate material due to 
its usage for high frequency applications. The overall picture can be obtained by considering the essential 
components of the devices, including substrate surfaces, interfaces between GaAs surfaces and organic 
films, organic films, and interfaces between metals and organic films, as is shown in Fig. 1.1. For the 
characterization, various measurement techniques were employed. In order to understand the chemical 
interaction and electronic structures at the interfaces, surface sensitive electronic spectroscopies, such as 
X-ray and ultraviolet photoemission spectroscopies (PES) and near edge x-ray absorption fine structure 
spectroscopy (NEXAFS), were performed. Device performance is measured using current-voltage (J-V) 
and capacitance-voltage (C-V) measurements. The results also prove the importance of combining various 
techniques for a deep understanding of such devices. 
This work is organized as follows. Chap.2 gives an overview of some fundamental properties of organic 
semiconductor films and interfaces. Transport phenomena through conventional metal/semiconductor 
Schottky contacts will be addressed. The principles of measurement techniques and description of data 
evaluation will be given in Chap.3, followed by a detailed description of sample preparations and 
measurement conditions in Chap.4. In result sections, the chemical and electronic properties of GaAs(100) 
surfaces treated in different conditions will be discussed in Chap.5. The results of growth of organic films 
on the GaAs(100) surfaces will be presented in Chap.6, where a general rule for the energy level 
alignment by electron affinity (EA) difference is proposed for organic materials on n-type GaAs(100) 
interfaces. In Chap.7, by depositing an ultrathin layer of PTCDA between Mg and the selenium (Se) 
passivated GaAs(100) surface, it will be shown that organic molecules are also useful to understand 
physics during the formation of metal/semiconductor contact. Results of metal deposition on organic films 
will be presented in Chap.8. The focus will be on interface electronic structures and charge transfer 
between metals and organic molecules including whether or not covalent bonds can form. In Chap.9, 
results of electrical measurements for a model system of metal/organic/GaAs(100) heterostructures will be 
shown. The J-V characteristics will be understood on the basis of the energy level diagram obtained by 
using PES. Finally, we will briefly discuss degradation of the device due to air exposure.  









For dc conductivity to exist, two requirements must be fulfilled: Free carriers must enter and leave the 
external circuit via the contacts, and must be transferred to the other contact so as to leave it again. In the 
organic modified GaAs Schottky contact, the GaAs substrate surface can be one injecting contact to the 
organic interlayer while the second electrode is the top metal electrode. Both charge injection at the 
organic/GaAs as well as metal/organic interfaces and charge transfer in organic interlayer should be 
considered for the thorough understanding of the device performance. For charge injection at those 
interfaces, the concept of interface injection barriers can still be applied in analogy to metal/semiconductor 
Schottky contacts. This chapter provides the theoretical background to understand the electronic structure 
and charge transfer at metal/organic/semiconductor contacts. The first section gives a brief introduction to 
the electronic structure of an organic solid. Next, charge transport mechanisms and the theory of the space 
charge limited currents (SCLC) in organic solids will be presented. The last section will show how 
electronic structures in metal/semiconductor contacts form and the concept of Schottky barrier height. The 
charge transport mechanisms in metal/semiconductor contacts will briefly be presented. 
 
2.1. Electronic structure of organic solids 
 
Organic solids are composed of discrete molecules held together by weak van der Waals forces. The 
molecules themselves consist of atoms held together by covalent bonds. Organic solids are generally 
 





Figure 2.1. Inter- and intramolecular charge transport in molecular stacks of a planar, filled π-
conjugated system [Kow98]. 




regarded as materials with poor electrical conductivity since they intrinsically contain few carriers and 
exhibit poor overlap between orbitals of neighbouring molecules so that charge cannot pass rapidly from 
molecule to molecule [Pop82,Kao81,Wri95]. Fig.2.1 shows an example of inter- and intra molecular 
charge transport in molecular stacks of a planar, filled π-conjugated system [Kow98]. For π-conjugated 
organic solids that are most interesting in applications for organic electronics, π-bonds establish a 
delocalized electron density above and below the plane of the molecules. The degree to which the π-
electron system of one molecule interacts with those of its neighbours lies at the essence of understanding 
collective properties in the organic molecules. 
Figure 2.2 shows the basic concept of the formation of the electronic structure of an organic solid [Ish99]. 
The potential well in the electronic structure of a hydrogen atom (Fig.2.2(a)) is the Coulomb potential of 
the atomic nucleus. Various atomic orbitals are formed in this well, and an electron occupies the lowest 1s 
orbital. The horizontal part of the potential well is the vacuum level (VL), above which the electron can 
escape from the atom. Fig.2.2(b) presents the electronic structure of a molecule consisting of many atoms. 
The effective potential well of an electron is formed by the atomic nuclei and other electrons. The wells of 
the nuclei are merged in the upper part to form a broad well. Deep atomic orbitals are still localized in the 
atomic potential well (core levels), but the upper orbitals interact to form delocalized molecular orbitals. 
The energy separations from the highest occupied molecular orbital (HOMO) or lowest unoccupied 
molecular orbital (LUMO) to the VL are the gas phase ionization energy (IEg) or the electron affinity 
(EAg) of the molecule, respectively. 
When molecules come together to form an organic solid, the electronic structure becomes like Fig.2.2(c). 
Since the molecules of the filled π-electron system interact only by the weak van der Waals interaction, 
the top part of the occupied states and the lower unoccupied states are usually localized in each molecule, 
with narrow intermolecular bandwidth of < 0.1 eV [Kao81,Gut67]. Thus the electronic structure of an 
organic solid largely preserves that of a molecule or a single chain, and the validity of usual band theory is 
often limited. The top of the occupied states and the bottom of the unoccupied states are often noted as 
HOMO and LUMO, reflecting the correspondence with the single molecular state. The IE and EA of the 
organic solid are defined as the energy separation of the HOMO and the LUMO from the VL. The values 
of the IE and EA in the organic solid are different from those of an isolated molecule due to the 






Figure 2.2. Electronic structure of an organic solid, after Ishii et al. [Ish99]. 




surrounding the ionized molecule stabilizes the ion, leading to a lowering of the IE and an increase in EA 
from those in the gas phase [Gut67,Lyo57,Sat81,Sek89]. 
The energy separation between HOMO and LUMO in an organic solid is called HOMO-LUMO gap in 
analogy to the band gap in inorganic semiconductor. For inorganic semiconductor, the band gap is often 
obtained from onset of the optical absorption spectra (optical gap, Eopt). This is due to small polarization 
and low carrier screening efficiency and, therefore, exciton binding energies are a few meV. 
Consequently, Eopt is very close to the transport gap Et that is defined as the minimum energy of formation 
of a separated free electron and hole. In the case of the organic solid, Eopt corresponds to the formation of a 
Frenkel exciton with electron and hole on the same molecule. Since localization and polarization 
phenomena dominate the physics of charged excitation and transport, the charge separation energy, Et − 
Eopt, in other word the exciton binding energy, is far larger than in inorganic semiconductors. Recently, 
Hill et al. estimated using PES and inverse photoemission spectroscopy (IPES) the charge separation 
energies of a series of molecular solid films ranging from those which form crystalline films such as 
PTCDA, CuPc (copper phthalocyanine), and α−6T (α-sexithiophene) to amorphous films of α−NPD 
(N,N’−diphenyl−N,N’−bis(1-naphthyl) −1,1’biphenyl−4,4’’diamine) and Alq3 (tris(8−hydroxy-
quinoline)−aluminum) [Hil00]. It is found that the charge separation energies depend on the structural 
properties of the organic solid films. The values of the former class are in the range of ~ 0.5 eV (0.6 eV for 
PTCDA and CuPc, and 0.4 eV for α−6T) while those for the latter class are larger than 1 eV (1.0 eV for 
α−NPD and 1.4 eV for Alq3). In case of C60 films, the value is reported to be ~ 1 eV [Sat81]. The accuracy 
of those values is however limited by a poor resolution of IPES (~ 0.4 eV). Consequently, it is essential to 
obtain more reliable values of Et to explain injection and transport phenomena in organic solids.  
 
 
2.2. Charge transport in organic solids 
 
The electrical conductivity of a material is determined by the number of charge carriers n and mobility µ, 
µσ 0ne= , (2.1) 
where e0 is an elementary charge. The charge carriers may be electrons, with negative charge, or holes, 
with positive charge. The upper limits in microscopic mobilities of organic molecular single crystals, 
determined at 300 K by time-of-flight experiments, are between 1 and 10 cm2/Vs [Wri95]. The mobilities 
of organic molecular thin films are expected to be even smaller due to impurities, defects or grain 
boundaries that exist in the films. The weak intermolecular interaction forces in organic semiconductors, 
most usually van der Waals interactions with energies smaller than 10 kcal/mol [Dim01], may be 
responsible for this limit, since the vibrational energy of the molecules reaches a magnitude close to that 
of the intermolecular bond energies at or above room temperature. In contrast, in inorganic 
semiconductors such as Si and Ge, the atoms are held together with very strong covalent bonds, which for 
the case of Si have energies as high as 75 kcal/mol [Dim01]. In these semiconductors, charge carriers 
move as highly delocalized plane waves in wide bands and have a very high mobility (1500 cm2/Vs for n-




type Si) [Sze81]. Three principal types of theoretical models have been used to describe charge-carrier 
mobility in organic molecules: the band model, the hopping model, and the tunneling model. 
 
2.2.1. Band model 
The band model stems from the analogy of transport phenomenon in inorganic semiconductors. In this 
model, intermolecular interaction leads to the formation of bands of energy states for electrons and holes. 
This occurs by a strong overlapping of the electron orbitals. These bands are in effect delocalized states in 
which electrons and holes can move from molecule to molecule in a periodic lattice.  
The poor overlap between adjacent molecules in crystals and films results in a narrow bandwidth of less 
than 0.1 eV [Kao81,Gut67]. If the bandwidth becomes close to kT (0.026 eV at RT), all the levels in the 
band can be thermally populated rather than merely the levels at the lower end of the band. In this case, 
the approximation behind the effective mass concept used in conventional band theory is no longer valid 
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where τr, J, a, λ  are a relaxation time, the intermolecular electron overlap integral, the lattice constant, 
and the mean free path of the electron, respectively. k and ħ are the Boltzman constant and the Planck 
constant, respectively. The best test of the validity of the band model to describe charge carrier motion in 
organic semiconductors is to compare the temperature dependence of mobility. From Eq.2.2 it can be seen 
that mobility should at least vary as T−1, plus any additional variation resulting from the temperature 
dependence of a, J, and λ. 
 
2.2.2. Hopping model 
Implicit in the band model is the assumption that charge-carrier mean free paths extend over several lattice 
sites, with the residence time on any site being short compared with the time taken for the lattice to relax 
around a molecule which suddenly acquires an immobile charge. If the mean free path is of the order of 
intermolecular distances, or if the charge carrier motion is effectively a series of rapid hopping between 
trap sites where the carriers spend most of their time, this assumption is no longer valid. The carriers in 
such a case polarize the surrounding lattice, and both the molecules on which the charges are localized and 
their nearest neighbours relax their structure to new equilibrium positions. The charge carrier and its 
associated molecular deformation form a quasi-particle known as a polaron. At the equilibrium position 
the stabilization energy associated with the polaron is maximized. To move from one site to a 
neighbouring site, the polaron must traverse a barrier. Charge-carrier motion is thus a series of hops from 
one site to the next, hence the term ‘hopping model’. 
The probability of such hops taking place is calculated as the product of the probability of the carrier 
achieving energy E’ and the probability of a carrier of this energy undergoing transfer to the neighbour 
site. In this case, the mobility is given by 
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with n = 1 ~ 1.5. At low temperatures the exponential term dominates Eq.2.3, so that, in contrast to the 
predictions of band theory, mobility is expected to decrease sharply. At sufficiently low temperatures the 
dominant charge transport mechanism in organic molecules will be via the narrow band model. At high 
temperatures, particularly if the barrier height E’ is low, the pre-exponential term T−n dependence 
dominates, and it is thus difficult to differentiate band and hopping transport from their temperature 
dependence in this range. 
The boundary between band transport and hopping is defined by materials having mobilities between 0.1 
and 1 cm2/Vs. Highly ordered organic semiconductors, such as anthracene and pentacene, have RT 
mobilities in this intermediate range, and in some cases temperature-independent mobilities have been 
observed [Pop82]. At low temperatures, band transport becomes the mechanism that takes control of 
carrier transport. At these temperatures, the vibrational energy is much lower than the intermolecular 
bonding energy and phonon scattering is very low. Thus, high mobility is shown. At or close to RT, 
phonon scattering becomes so high that the contribution of the band mechanism to transport becomes too 
small and hopping begins to contribute carrier transport. Hopping of carriers from site to site becomes 
easier as temperature rises as mentioned above. 
 
2.2.3. Tunneling model 
Whatever models of charge transport are proposed which involve potential barriers, quantum-mechanical 
tunneling of charge through the barrier may be invoked in addition to hopping models. Tunneling depends 
on barrier thickness, being most likely for thin barriers. Since its predictions are in general similar to those 
of hopping models it is often not mentioned as a separate model, although quantitative comparisons of 
mobility calculations with experiment should always include a tunneling contribution. 
One problem common to both hopping and tunneling models is their prediction that electrons, which 
occupy more energetic conduction states than the positive holes that they leave behind, should have higher 
mobility since the barrier to their motion is lower and thinner than that for holes. However, this is not 
generally observed [Wri95]. 
 
 
2.3. Space charge limited currents (SCLC) 
 
When an external field V is applied across the organic solid layer, the Fermi levels of the two electrodes 
are displaced by an amount eV. The surface region of the organic layer adjacent to the electrodes contains 
a reservoir of excess charge. When low external electric fields are applied, charge carriers within the 
organic layer flow under the influence of the field. The electric field gradient in the boundary layer is 
maintained by a corresponding flow of electrons from the metal to the crystal, and the contact is described 
as ohmic since the current density is directly proportional to the applied field, which influences only the 




carrier velocity, and Ohm’s law is obeyed. As the applied 
field is increased, V decreases and there is an increased 
probability of injection of excess charge into the crystal 
from the electrodes, leading to a change in the Fermi level 
and hence a departure from Ohm’s law. The excess 
charge is limited by the geometrical capacitance C of the 
organic layer and its electrodes to 
CVQ =  (2.4) 
where C = εε0/L with L the inter-electrode distance and ε 
the dielectric constant of the corresponding organic layer. 
In this condition, known as space charge limited current 
(SCLC), the current density is given by 
τ
QJ SCLC =  (2.5) 
and τ  = L2/Vµ 
where τ  is the carrier transit time. 
For the trap free case, ignoring diffusion and the surface 
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This equation is known as Mott-Gurney rule and is the solid-state analog of Child’s Law for SCLC in a 






VJ effSCLC µεε=  (2.7) 
with 1<+== teff nn
nµµθµ , 
where θ reflects the extent to which traps reduce the effective mobility (µeff) and n and nt represent the free 
carrier and trapped carrier densities, respectively. 
The critical voltage at which the transition to SCLC behaviour occurs may be derived simply by 
combining Eq.2.7 with Ohm’s law since the current densities for both ohmic and SCLC conduction are 




9 neLVt =  (2.8) 
Above the voltage Vt, the current depends on V2 / L3. As the voltage increases above Vt the Fermi level 
rises in the crystal. Every time it reaches the energy level of a particular set of traps, those traps become 
populated with charge carriers and θ is sharply reduced. In the case of a single set of traps, this would give 
 
 
Figure 2.3. J-V characteristics for
naphthalene crystal [Cam72]. 




a second critical transition voltage at which the current rose steeply from the value appropriate to the 
original value of θ to that for θ = 1. The value of θ may thus be determined from the ratio of the current 
before and after the rise. This voltage, VTFL, is known as the trap-filled limit voltage and is related to the 
trap density, Nt, by 
20 eL
VN TFLt εε= . (2.9) 
Figure 2.3 shows a typical J-V curve exhibiting the transitions mentioned above for naphthalene crystal 
with Ag paste electrodes [Cam72]. 
 
 
2.4. Metal/Semiconductor Schottky contacts 
 
2.4.1. Semiconductor surfaces and interfaces 
Due to the low carrier densities in non-degenerately doped semiconductors, spatially extended space-
charge layers may be present at semiconductor surfaces and interfaces [Sze81,Mön93]. The resulting band 
bending is obtained by solving Poisson’s equation. In thermal equilibrium, the space charge is balanced by 
a net charge in electronic surface and interface states. Depending on the sign and the magnitude of the 
surface band bending, accumulation, depletion, and inversion layers are to be distinguished. 
Saturation of all dangling bonds on semiconductor surfaces strongly reduces their free energy. This results 
in a passivation of the surface. A reduction of the surface free energy may also be used to alter the growth 
mode of overlayers. Examples of the passivation of semiconductor surfaces are hydrogen adsorption on Si 
surfaces and chalcogen modification of GaAs surfaces. The covalent bonds formed between the substrate 
atoms and atoms used for the passivation are partially ionic and may thus be described as adatom-induced 
dipoles. Depending on the direction of the respective dipole moment, the voltage drop across it leads to an 
increase or a reduction of the IE of an initially clean surface [Mön93].  
 
2.4.2. Schottky barrier height 
The work function of a metal φM is the amount of energy required to raise an electron from the Fermi level 
to a state of rest outside the surface of the metal (vacuum level, VL). This is found to consist of two parts, 
a volume contribution which represents the energy of an electron due to the periodic potential of the 
crystal and the interaction between electrons, and a surface contribution due to the existence of a dipole 
layer at the surface. The work function of a semiconductor φS can be defined in the same way and is also 
composed of bulk and surface contribution. Another important surface parameter for a semiconductor is 
the electron affinity EAS that is the energy difference between an electron at rest outside the surface and 
an electron at the bottom of the conduction band just inside the surface. EAS is sensitive to surface dipoles 
in analogous manner to φ.  




Figure 2.4 presents schematic diagrams of abrupt, rectifying metal-semiconductor contacts. If the metal 
and semiconductor are electrically connected, the Fermi levels in the two materials must be aligned in 
their thermal equilibrium. This causes charge to flow from one side to the other, and a dipole layer is built 
up at the interface. In the metal, the participating charge QM is screened within the Thomas-Fermi 
screening distance (~ 0.05 nm). Since in a semiconductor the free carrier concentration is orders of 
magnitude lower than in a metal, the screening is less effective. Then, a space charge QS is formed, leaving 
uncompensated donor or acceptor ions in a depleted region depending on types of doping. The band 
bending in the depletion layer is correlated via Poisson’s equation. In a metal/semiconductor contact the 
characteristic quantity is the Schottky barrier height ΦB, which measures the energy difference between 
the metal Fermi level and the edge of the respective majority carrier band of the semiconductor at the 
interfaces. The maximum band bending at the interface is related to ΦB which has to be overcome when an 
electron is excited from the metal into the semiconductor. 
In a simple approach, a knowledge of φM and EAS would allow to predict ΦB. This was first applied by 
Schottky to understand the rectifying action of metal-semiconductor junction. This model contains several 
assumptions. The semiconductor is assumed to be homogeneous right up to the boundary with the metal, 
forming a perfect contact between metal and semiconductor. There exist neither interlayer nor interface 
states at the interface. The contribution of surface dipoles does not change during the formation of the 
contact, so that there is not additional effect from interlayer structure, defects. The work function of φM 
and φS generally differs so that in thermal equilibrium an electric field exists between two solid. In this 
case, the charge on the metal side QM is compensated by an opposite charge inside the semiconductor QS. 
The charge neutrality requires 
0=+ SM QQ . (2.10) 
In the example of a contact between a metal and an n-type semiconductor, the space charge is carried by 
positive charged donors,  
)(2 0 kTeVNQ ddSS −= εε  (2.11) 
for eVd ≥ 3kT. Here, Nd and εS are the donor density in the bulk and the dielectric constant of the 
















Figure 2.4. Schematic diagram of abrupt, rectifying metal-semiconductor contacts. 








CBMCBMd EEEEeV −−Φ=−= . (2.12) 
For the charge neutrality, the diffusion potential corresponds to the difference in work functions of metal 
and semiconductor.  
dSM eV=− )( φφ . (2.13) 
Combining Eq.2.12 and 2.13 gives the barrier height by  
SMBn EA−=Φ φ . (2.14) 
This is the famous Schottky-Mott rule [Sch38, Sch40, Mot38]. According to this model, ΦBn is directly 
proportional to φM. Given φM and EAS of a metal/semiconductor Schottky contacts, aligning the energy 
levels at a common VL determines ΦBn. This is completely analogous to the Anderson’s rule in 
semiconductor heterostructures, where the CB discontinuity results as the difference of the EA of the 
semiconductors at both sides of the contact. However, it is found experimentally that the barrier height is a 
less sensitive function of φM than Eq.2.14 suggest and that, under certain circumstances, ΦBn may be 
almost independent of the choice of metal.  
Bardeen first realized the existence of electronic interface states with the band gap of the semiconductor at 
metal/semiconductor contact and attributed the deviation of experimental barrier height from the Schottky-
Mott rule to the existence of interface states [Bar47]. In the presence of such interface states the charge 
neutrality condition is given by, 
0=++ SisM QQQ  (2.15) 
Qis is the charge in the interface states. The charge QM on the metal side is balanced by the charge Qis + QS 
in the interface states and a space charge layer on the semiconductor side. A net charge in interface states 
causes an electric double layer. The resulting band diagram at the interface is shown schematically in 
Fig.2.5. There is a continuous distribution of the interface states between semiconductor and the interlayer, 
characterized by a charge neutral level φ0. Usually φ0 is measured from the top of the valence band, in 
which case the barrier height will be given by 
0φ−≈Φ gB E  (2.16) 
This is called the Bardeen limit. The barrier height is said 
to be pinned by the high density of interface states is 
determined irrespective of φM. Consequently, the plot of 
φM vs. ΦB gives the slope of zero. 
In general the experimentally determined barrier heights 
lie between Schottky-Mott and Bardeen limit. The energy 
barrier of the double layer ∆, or interface dipole, is written 
as 
BSM EA Φ−−=∆ φ  (2.17) 
The influence of interface states on the barrier height may 









Figure 2.5. Metal-semiconductor contacts 
with interface states. 




proposed by Cowley and Sze [Cow65]. 
0)1()( φχφ φφ SS SMBn −+−=Φ  (2.18) 






Φ= . (2.19) 
XM is the electronegativity of the metal. It may be observed that ΦB tends to the Schottky-Mott limit as the 
slope parameter reaches its maximum value, SX = 1, and to the Bardeen limit as SX = 0. For inorganic 
semiconductors, the values of SX range from small (ca. 0.1) for covalent semiconductors like Ge and Si, to 
nearly 1 for ionic compound semiconductors [Sze81]. 
 
2.4.3. Transport mechanism in Schottky contacts 
Figure 2.6 shows four basic transport processes at a metal/semiconductor interface under forward bias. 
The inverse processes occur under reverse bias. 
The four processes are: (1) transport of electrons from the semiconductor over the potential barrier into the 
metal, which is the dominant process for Schottky diodes with moderately doped semiconductors operated 
at moderate temperatures (e.g. 300 K), (2) quantum mechanical tunneling of electron through the barrier, 
(3) recombination in the space charge region, and (4) injection of holes into the neutral part of the 
semiconductor. In addition, we may have edge leakage current due to a high electric field at the contact 
periphery or interface current due to traps at the metal-semiconductor interface.  
A most simple approach considers emission of electrons over the barrier only and neglects the other three 
mechanisms. Tunneling through the barrier is restricted to degenerately doped semiconductors since only 














Figure 2.6. Transport processes in a forward-biased Schottky barrier. 




deriving ideal J-V characteristics. Injection of holes becomes important when the barrier height exceeds 
half of the semiconductor band gap. Then the density of holes at the interface will be large so that under 
forward bias holes may be expected to diffuse into the neutral semiconductor beyond of the space charge 
region at the interface. The current density J via thermionic emission over the barrier at metal-
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where J0 is the saturation current and V is the externally applied voltage. V is assumed to drop across the 
space-charge region only. In the modified Richardson constant A*, the mass of free electrons 0m  is 











π==  (2.21) 
The use of the modified Richardson constant assumes that all the electrons incident on the interface at the 
potential maximum cross into the metal and do not return. However, according to quantum mechanics, an 
electron may be reflected by a potential barrier even if it has sufficient energy to overcome this barrier. 
Furthermore, even after an electron has passed over the barrier, it may be scattered with the absorption or 
emission of a phonon so that it returns whence it came. These two effects combine to multiply the 
thermionic-emission current. For the case in which the thermionic emission theory is valid, A* is replaced 
by the effective Richardson constant A**. The experimentally determined A** for GaAs is known to be 
3×104 A/m2K2 [Rho88]. 
Electrons in front of a metal surface experience an image force. This attraction potential leads to a 
lowering of the potential barrier at the surface as a function of an externally applied voltage. 
Consequently, thermionic saturation currents become bias dependent. As for thermionic emission into 
vacuum, this image-force or Schottky effect has also to be considered in metal-semiconductor contacts. 
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For GaAs with a donor density Nd = 1017 cm-3 and a diffusion potential Vd = 0.7 V, a lowering of the 
barrier height amounts to approximately 0.03 eV. The image force lowering arises from the field produced 
by the particular electron under consideration and is absent if there is no electron in the conduction band 




near the top of the barrier. Measurements of the barrier height which depend on the movement of 
conduction electrons from metal to semiconductor or vice versa yield the quantity ΦB−∆Φif, whereas 
measurements which depend on the space charge in the depletion region give ΦB without the effect of 
image force. 
The bias dependence of A** and ∆Φif, and any other non-ideality factors can be considering by introducing 
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The extrapolated value of current density at zero voltage is the saturation current J0, and ΦB and n can be 
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Bn  (2.26) 
The value of ΦBn is not very sensitive to the choice of A**, since at room temperature, a 100% increase in 
A** will cause an increase of only 0.018 eV in ΦBn. 
The barrier height can also be determined by the capacitance measurement. When a small ac voltage is 
superimposed upon a dc bias, charges of one sign are induced on the metal surface and charges of the 
opposite sign in the semiconductor. From the intercept where the linear region in the 1/C2 vs. V plot is 
extrapolated on the V axes, the barrier height can be determined  
∆Φ−++=Φ
0e
kTVV niBn  (2.27) 
where Vi is the voltage intercept, and Vn the depth of the Fermi level below CBM, which can be computed 
if the doping concentration is known. From the slope the carrier density can be determined. 
The C-V measurement can also be used to study deep impurity levels. Under bias, all the donors above 
Fermi level will be ionized, giving a higher doping concentration near the interface. When a small ac 
signal is superimposed on the dc bias and when the deep level can follow the signal, there will be an 
additional contribution of dN/dV to the capacitance. The low frequency curve can reveal the properties of 
the deep impurities. In order to obtain the barrier height of semiconductor with one shallow level and one 
deep level impurities, we need to measure the C-V curves at two different temperatures. 












3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) is one of the most intensively studied organic 
molecular semiconductors. This molecule has been used as a tool for studying the structural ordering 
during growth, and the optical and transport properties of large organic molecular semiconductors. This is 
because PTCDA is thermally stable, and very pure, well ordered thin films can easily be fabricated by 
organic molecular beam deposition (OMBD) on various inorganic substrates [For97]. 
The structural formula of PTCDA and its crystalline structure are shown in Fig.3.1. A PTCDA molecule 
consists of 24 carbon atoms, 8 hydrogen atoms and 6 oxygen atoms, with a perylene core being in the 









Figure 3.1. Structural formula of PTCDA and three views of its crystalline structure [Thanks to A.Yu. 
Kobitski]. 




perylene core. Due to its planar molecular structure, the symmetry of the PTCDA molecule belongs to the 
D2h point group. The density functional tight binding calculation of the single as well as the charged 
PTCDA molecule by Scholz et al. shows that a transition between HOMO and LUMO orbitals as well as 
subtraction or addition an electron from or to a PTCDA molecule does not destroy the rectangular 
symmetry [Sch00]. 
When PTCDA molecules are deposited in vacuum on a substrate, they form stacks due to the planar 
molecular structure leading to a well ordered layer. The crystalline structure of PTCDA films is 
monoclinic with two molecules in a unit cell. Two polymorphs of PTCDA crystal are reported for PTCDA 
films grown at room temperature. The α modification 
crystallizes in the space group P21/c with lattice 
constants a = 0.372, b = 1.196, c = 1.734 nm and β = 
98.8o. The β modification is found to crystallize in the 
same space group, but with different lattice 
parameters: a = 0.378, b = 1.930, c = 1.077 nm and β 
= 83.6o [Oga99,For97]. In both modifications the 
planar molecules lie almost flat on the (102) lattice 
planes with only slight inclinations, ~ 11o tilt angle of 
the molecular stacks with respect to the normal to the 
molecular plane [Oga99,Chi00]. This is probably 
caused by a steric effect. The two symmetry-related 
molecules in each unit cell are arranged in a 
herringbone packing in each (102) lattice plane and 
both crystals are composed of stacks of such sheets, 
with a distance of ~ 0.32 nm between adjacent 
molecules. 
One of most important properties to determine 
transport behaviour in organic modified Schottky 




















Figure 3.2. Optical absorption spectra of PTCDA and DiMe-PTCDI films grown on glass substrates 
[Sal01]. 
 










Figure 3.3. PE and IPE spectra of PTCDA 
film on Au, after Hill et al.[Hil00].  




contacts is the HOMO-LUMO gap. As mentioned in Chap.2.1, the optical and transport HOMO-LUMO 
gaps are different in organic solids due to localization of charge carrier in the molecule and high 
polarization energy. For organic solids, the optical HOMO-LUMO gap is obtained using optical 
absorption spectra. The optical absorption spectra of PTCDA and DiMe-PTCDI films on glass substrates 
are presented in Fig.3.2 [Sal01]. The spectrum of the PTCDA film shows a peak at 2.22 eV corresponding 
to the 0-0 transition of the Frenkel exciton [Sch00] and a broad feature at 2.59 eV that contains multiple 
peaks. In analogy of inorganic semiconductor, the optical HOMO-LUMO gap of the PTCDA film can be 
taken as the first peak in the absorption spectra, which corresponds to 2.22 eV. 
The difference between optical and transport HOMO-LUMO gap of PTCDA films was estimated by Hill 
et al. using PES and IPES, which is shown in Fig.3.3 [Hil00]. PES and IPES measure the molecular states 
after the removal of an electron and the addition of an electron, respectively. The spectra show the peak-
to-peak energy separation of (4.0±0.2) eV. By subtracting the vibration contribution and the difference 
between bulk and surface polarization, the charge separation energy was determined to be (0.6±0.4) eV. 
The position of the LUMO of PTCDA films can, thus, be obtained by adding the charge separation energy 





Dimethyl-3,4,9,10-perylenetetracarboxylic diimide (DiMe-PTCDI) is very similar to PTCDA but has the 
bridging oxygen atom of the anhydride group replaced by the methylimide (N-CH3) group. The molecular 
structure is shown in Fig.3.4. Owing to the less polarizing N-CH3 group, DiMe-PTCDI exhibits partially 
different geometric shapes and slightly different electronic structures. This molecule is not fully planar, 
leading to a reduced symmetry of the free molecule, depending on the orientation of the terminal methyl 
groups (trans or cis) [Glö98]. However, DiMe-PTCDI exhibits the same planar perylene core with D2h 
symmetry and the bonding configuration around the N atoms is also planar.  
Films of DiMe-PTCDI do not show a fully layered stacking structure, again caused by the terminating 
methyl group. The growing of a high quality crystal is known to be very difficult [Häd86]. The lattice 
constants for bulk DiMe-PTCDI are a=0.387, b=1.558, c=1.460 nm [Häd86]. It is reported that a well 
ordered multilayer film forms on a cooled substrate 
at 100 K. 
The lineshape of the optical absorption spectrum 
for DiMe-PTCDI, which is shown in Fig.3.2, is 
similar to that of PTCDA. The first absorption 
peak and the broad feature are located at slightly 
lower energy positions than those of PTCDA, 
which is most probably due to slightly larger 
molecular size. The optical HOMO-LUMO gap 






Figure 3.4. Structural formula of DiMe-PTCDI. 
The N atom in the imide group is connected to 
methyl pendant group. 




peak to be 2.16 eV. The transport HOMO-LUMO gap of DiMe-PTCDI is not known yet. However, it can 
be estimated considering the molecular and crystalline structures of the films relative to those of PTCDA. 
Despite the slight smaller optical HOMO-LUMO gap, the less dense layer of the DiMe-PTCDI film may 
induce higher charge separation energy than that of PTCDA. Consequently, the transport HOMO-LUMO 
gap of DiMe-PTCDI is expected to be slightly larger than that of PTCDA. 
 
 
3.3. GaAs(100) surfaces 
 
Substrate surfaces have been found to have a profound impact on the growth nature of organic films such 
as crystalline structure and interface bonding, thus leading to different interface electronic structures. For 
III-V inorganic semiconductors, particularly GaAs(100) surfaces, various methods of surface treatment 
have been developed to improve chemical and electronic properties of the surfaces. One of the most 
efficient methods is known to be chalcogenide passivation using S, Se and Te atoms. Hirose et al. 
investigated using low energy electron diffraction (LEED) the initial growth of PTCDA molecules on 
various GaAs(100) surfaces [Hir94]. The Se-passivated GaAs(100)-(2×1) surface results in PTCDA films 
with good crystallinity, whereas deposition on the GaAs(100)-(2×4)-c(2×8) surface produced films 
randomly oriented in the plane parallel to the surface. The films grown on the GaAs(100)-c(4×4) surface 
show intermediate molecular ordering. The difference in the molecular ordering is attributed to the extent 
of the interaction between the molecular films and the substrates. As well as the molecular ordering, 
different surface treatment is expected to strongly influence the interface chemical and electronic structure 
as well as the transport properties. 















Figure 3.5. Structural model of GaAs(100)-(4×4) [Bie90] and chalcogen (S, Se) passivated 
GaAs(100)-(2×1) [Pas94,Hoh98] surfaces. 




They range from a clean GaAs(100)-c(4×4), chalcogen (S, Se) treated GaAs(100), to hydrogen plasma 
treated GaAs(100) surfaces. Those surfaces have intensively been investigated for last decades and here 
we will briefly introduce structural models of those surfaces. 
 
3.3.1. GaAs(100)-c(4×4) 
The GaAs(100)-c(4×4) surface is basically an As-rich surface. The STM image shows building blocks 
made up of three As dimers, as is shown in Fig.3.5(a) [Bie90]. The As-As dimer bond length determined 
by grazing-incidence X-ray diffraction is 0.259 nm [Sau89]. On this surface two different types of As 
atoms are present but no Ga atoms are exposed. One of the surface As atoms forms bonds with only other 
As atoms while the As atoms in the second layer bond with Ga atoms in the third layer and As atoms in 
the top layers. 
 
3.3.2. Chalcogen passivated GaAs(100) 
The passivation of GaAs(100) surfaces is one of the key problems in III-V semiconductor device 
technology. The basic purpose is to replace the GaAs native oxide on the surface with some kind of 
passivation layer from which chemically and electronically stable surfaces can be obtained. The quality of 
chalcogen passivated surfaces is strongly affected by the choice of passivant, its concentration, the 
duration and temperature of treatment. It is generally agreed that a chalcogen treated surface after a low 
temperature annealing displays a (1×1) reconstruction, which is transformed into a (2×1) pattern upon 
further annealing. The temperature at which the (2×1) pattern occurs covers a range of 250~500oC. 
A structural model for the Se-GaAs(100)-(2×1) surface was proposed by Pashley et al., based on the 
experimental results of STM and core level spectra, and the electron counting rule [Pas94]. This is shown 
in Fig.3.5(b). Hohenecker et al. showed using core level spectra that this model can also be applied to a 
well ordered S-GaAs(100)-(2×1) surface [Hoh98b]. According to the model, the surface layer consists of a 
complete (2×1) layer of Se dimers sitting on top of a Ga layer. The next layer is a layer of Se atoms that sit 
on top of a layer of Ga atoms and Ga vacancies. The Ga vacancies are arranged in a c(2×2) array such that 
half of the Ga sites are vacant. 
The passivation of GaAs(100) surfaces by an oxygen free S2Cl2 solution which is used in this study is 
known to be superior to other wet chemical etching methods, such as (NH4)2Sx or Na2S9H2O aqueous 
solutions, in that it is very effective in removing the native oxide layer, it passivates the surface at fast and 
controllable rate, and forms stronger Ga-S bonds [Li94]. The treatment time is also much shorter than the 
(NH4)2Sx dipping treatment. However it should be mentioned that the surface morphology as well as the 
surface stoichiometry of a wet chemically chalcogen passivated GaAs(100) surface is different from the 
surface prepared using the molecular beam deposition technique, as is shown in an STM study comparing 
wet chemically (NH4)Sx-etched and subsequent annealed GaAs(100) surface with gaseous S treated 
GaAs(100) surface [Ber98,Oig91]. It is shown that the gaseous treated surface is uniform while the wet 
chemically treated surface is highly irregular and composed of different regions of varying surface 
reconstruction.  
 




3.3.3. H-plasma treated GaAs(100) 
A removal of native oxide on the GaAs(100) surface can be obtained by H-plasma treatment. The cleaning 
mechanism by atomic hydrogen was proposed by Akatsu et al.[Aka99]. Arsenic oxide desorbs easily by 
heating. As a result, the surface becomes Ga rich. Therefore, the role of the atomic H treatment is to 




1(2 4222 AsAsOxHxHOAs x , (3.1) 
where x=1, 3, or 5 stands for the various oxides of arsenic. Ga2O3 is decomposed as 
↑+↑→⋅+ OHOGaHOGa 2232 2)(4 . (3.2) 
Ga2O becomes volatile at temperatures higher than ~200oC. Accordingly, exposure to H⋅ at temperatures 
below 200oC does not remove the Ga2O surface layer. Therefore, the temperature should be chosen to be 
above 300oC, so that Ga2O desorbs reliably. 
 
 
3.4. Photoemission spectroscopy (PES) 
 
3.4.1. Phenomenology 
In photoemission spectroscopy (PES) the surface of a sample is irradiated by monochromatized light of 
energy hν, and the emitted electrons are analyzed with respect to kinetic energy Ekin and their momentum 
p in an electrostatic analyzer. Einstein’s equation 
φν −= hEkin max,  (3.3) 
says that the maximum kinetic energy of an electron emitted in the photoelectric effect is equal to the 
photon energy minus φ  necessary to release the electron from the solid. In order to extend Eq.3.3 to the 
other electrons in the spectrum, the binding energy relative to the Fermi energy (EF) is defined by 
φν −−= kinB EhE . (3.4) 




= . (3.5) 
Figure 3.6 shows schematically how the energy-level diagram and the energy distribution of photoemitted 
electrons relate to each other. Electrons emitted from the valence band can be found at binding energies of 
several eV while those from core levels contribute between 10 ~ 1500 eV. In the case of a metal, EF is at 
the top of the valence band and has a separation φ from VL. At the low energy end of the spectrum a sharp 
feature is observed, which originates from emission of electrons that have been inelastically scattered in 




the solid and no longer contain any specific structural or chemical information. On this background 
several Auger and core level lines can be seen. Because φ of solids are usually in the range of a few eV, 
photons in the ultraviolet or X-ray energy range are necessary for PES experiments. Depending on the 
energy of light source, PES is divided into ultraviolet, soft X-ray, and X-ray PES. Ultraviolet PES is 
commonly used to study states near EF, in the valence band, and X-ray PES is used to investigate the more 
strongly bound core levels. 
In general, the reference point of PE spectra for molecules and atoms is taken to be the vacuum level (VL), 
while in solids EF is taken as the natural zero. Following the convention, EB of an energy level in this 
study is referred to EF. 
The inelastic scattering limits the probing depth of the photoelectrons. The number of photoelectrons that 
leave the crystal depends exponentially on the thickness d of the traversed film.  
)/exp(0 λdII −=  (3.6) 
The parameter λ is the inelastic mean free path of the electrons. It is determined by electron-electron and 
electron-phonon collision. Except in special cases, electron-phonon scattering plays a role only at very 
low energies. The dependence of λ on the energy leads to the so called “universal curve” which reaches a 
minimum of about 2 atomic layer (monolayer, ML) around 50 eV kinetic energy. This is the basis for the 
surface sensitivity of PES at the photon energy. 
 
3.4.2. Evaluating core level spectra 
Since core level spectra are characteristic for every element it is possible to do chemical analysis. 
Moreover core levels are slightly shifted in energy in different chemical environments so that core level 
spectra can, for example, distinguish the emissions from atoms located in the bulk and at the surface. This 





















Figure 3.6. Schematic energy level diagram and energy distribution of photoemitted electrons. 




distribution and final-state screening in photoemission. Therefore, the core level binding energies of 
surface atoms are generally expected to shift with respect to the bulk value which is called surface core 
level shift. 
Figure 3.7(a) shows a typical core level spectrum taken from a GaAs(100)-c(4×4) reconstructed surface. 
The overall line profile is the sum of several components at different binding energies. These components 
correspond to As atoms in different chemical environments. To get an insight into what happens to the 
surface, the positions and intensities of these components must be determined. The reconstructed surface 
and absorption processes can be studied by observing the changes in the core level spectra and assigning a 
specific type of atom to each of the components. 
A core level line is produced by exciting photoelectrons from a deep lying atomic level. There is a natural 
linewidth associated with the finite lifetime of the core hole which will give the line a Lorentzian 
broadening. The overall lineshape is a convolution of the Lorentzian profile with the Gaussian broadening 
due to the limited resolution of monochromator and detector. Additional surface inhomogeneity 
contributes to the Gaussian broadening. This type of line profile is called a Voigt profile. It must be 
calculated by a numerical integration for every point of the curve since the result cannot be given in an 
analytic form. This means that core level fitting requires some computing power to perform the 
integrations. 
Figure 3.7(b) shows a Voigt profile with some further parameters which characterize a core level 
spectrum. The Voigt profile full width at half maximum (FWHM) is a combination of the Gaussian and 
Lorentzian linewidths which are fitted separately. If the atomic orbital from which the electron is excited 
is not an s-orbital, its orbital angular momentum l will interact with the electron spin s. This disturbance 












Due to diffraction and alignment effects the intensity ratio of the two components will never be exactly at 
the theoretical value, but the theoretical ratios (1/2 for p-orbitals and 2/3 for d-orbitals) are good starting 
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Figure 3.7. (a) As3d core level spectrum from decapped GaAs(100) surface at a photon energy of 78
eV. The spectrum shows three components. (b) A d-orbital Voigt profile showing spin-orbit-splitting. 




points for fits. The energy shift between the two spin-orbit-split components is usually fitted once and then 
kept constant at that value, since it is not influenced by external factors. 
As shown in Fig.3.6, the core level lines sit on a background of inelastically scattered electrons, which is 
usually approximated with a polynomial. This is only a simple approximation and it may become 
necessary to use more accurate ones for a fit, for example a Shirley background which approximates a step 
function for the inelastic scattering [Shi72]. 
Before fitting a core level spectrum one should have a clear idea of how many components at which 
relative positions the spectrum is composed. On a clean surface core level spectra usually have more than 
one component, one due to bulk atoms and the others to the surface atoms that are in somewhat different 
chemical environments. The conditions at the surface cause a surface core level shift. Since this shift is not 
very large (usually less than 0.5 eV), bulk and surface components are sometimes difficult to separate. 
Adsorption or surface treatment will also change the chemical environment of the surface atoms. This 
process may cause a reduction and/or shift of the surface component and the appearance of new, adsorbate 
related components. The shift can also be due to the change in band bending. However, it should be noted 
that only the shift of the bulk core level contribution to the peak actually reflects the band bending since, 
as mentioned, core level lines frequently change their shape due to the occurrence of chemically reacted 
species. 
In this work the core level fitting was done with a program called B-fit. It can fit up to five components 
using a Voigt profile function with the same Gaussian and Lorentzian widths and the same spin-orbit 
splitting for all core level components in one core level spectrum. The background is approximated by a 
Shirley background. During the fitting, the Lorentzian linewidth, spin-orbit splitting, and the intensity 
ratio between the two spin-orbit splitting components (branch ratio) were kept at values that provide 
satisfactory results over the entire series of the spectra. These parameters used for fitting in this work are 
listed in Table 3.1, which is in good agreement with previous results [Hoh98,Hoh98b]. Variables were 
peak intensity, position, and Gaussian linewidth. Binding energies are given for the d5/2 components of Ga 
3d, As 3d, and Se 3d core levels and for the p3/2 components of S 2p and Mg 2p core levels. 
 
3.4.3. Determination of electronic structure using valence band spectra 
The determination of the energy level alignment at an organic/inorganic semiconductor heterojunction is 
accomplished by growing a thin film of organic molecules on top of the inorganic semiconductor substrate 
in several steps and characterizing the surface before growth and after each growth step by PES. The 
information on the electronic surface and interface structures that is accessible by this method using PES 
 
Table 3.1. Fitting parameters for core level spectra. 
 Mg 2p S 2p Ga 3d As 3d Se 3d 
Lorentzian width / eV 0.1 0.1 0.1 0.1 0.1 
Branch ratio 2 2 1.58 1.50 1.60 
Spin orbit splitting / eV 0.26 1.18 0.48 0.68 0.86 
  




is basically (1) the valence band offset, which is equivalent to the offset between the VBM of the 
inorganic semiconductor and the HOMO of the organic film, (2) the “band bending”-like electrostatic 
energy shift of energy level across the junction [Hill98, Hill00], and (3) the interface dipole between the 
two materials at their interface. The energy positions of CBM of the inorganic semiconductor and LUMO 
of the organic film are not directly accessible by PES measurement. These are, therefore, usually 
estimated by adding the bandgap and the HOMO-LUMO gap to the energy position of VBM of the 
inorganic semiconductor and HOMO of the organic film, respectively. 
In Fig.3.8, an example of the procedure for the determination of the energy level alignment at an interface 
formed upon deposition of PTCDA on the Se-GaAs(100) surface. EHOMO correspond to the edge of the 
HOMO peaks towards lower binding energy similar to EVBM. VL is determined from the low kinetic 
energy edge of the secondary electron peak, EVAC. The ionization energy (IE) is measured by subtracting 
the total width of the spectra, measured from the low kinetic energy onset to EHOMO or EVBM, from the 
photon energy. An example of determining the energy position of an edge, either EVAC, EHOMO, or EVBM, is 
presented in Fig.3.9. First, the derivative of the spectrum was performed and the spectral region for linear 
extrapolation was chosen where the value shows the maximum. Another linear extrapolation of the 
background was done. Finally the energy position is determined from the intercept of the two linear 
extrapolations. 
The actual measurement proceeds as follows. First, the substrate surface is characterized by PES which 
yields EVBM and EVAC with respect to EF. For an inorganic semiconductor with a known doping 
concentration the position of EF relative to EVBM at the bulk semiconductor can be easily calculated. By 
comparison of EVBM with EbVBM, the band bending of the substrate surface can be determined. Then, ECBM 
of the substrate surface can be achieved by adding the band gap of substrate from EVBM. For GaAs, the 
band gap is known to be 1.42 eV at room temperature. The second step is to grow an organic film. In this 
study the energy level of the organic film was obtained using the VB spectra of 4 ~ 12 nm film in order to 
prevent the influence of the energy shift due to the sample charging. That gives again EVAC and EHOMO. The 
difference in EVAC before and after the deposition of the organic film corresponds to the interface dipole 
while EVBM − EHOMO represents the valence band offset. The change in band bending of the substrate 
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Figure 3.8. An example of determination of energy levels using VB spectra. 




surface by deposition of organic overlayer is measured by the energy shift of the bulk core level 
component. Whether band bending like electrostatic energy shift exists in the organic overlayer is judged 
as the energy position of HOMO in VB spectra as a function of overlayer thickness. However, it is 
difficult to evaluate the energy shift below the layer thickness of 1 nm due to the screening by the VB 
features corresponding to the substrate.  
 
 
3.5. Near edge X-ray absorption fine structure (NEXAFS) 
 
3.5.1. Phenomenology 
When photoabsorption is measured versus photon energy around the ionization threshold of a core level 
there will be a sudden increase in absorption at the ionization edge. Two different regimes can be 
distinguished: near the ionization edge the electron has a low kinetic energy and is likely to undergo 
multiple scattering or can be excited into unoccupied orbitals below VL, which is called near edge X-ray 
absorption fine structure (NEXAFS). In the range from about 50 eV above the ionization edge the kinetic 
energy of the ionized electron is so high that it will usually undergo only single scattering by the nearest 
neighbours of the ionized atom. In this case the absorption spectrum will be dominated by the interference 
between the outgoing electron wave and the electron wave scattered back from the neighbouring atoms. 
By studying the resulting interference pattern the distance to these atoms can be found. This technique for 
determining interatomic distances is called extended X-ray absorption fine structure (EXAFS). For both 
techniques a tunable X-ray source is required and generally the experiments are performed using 
synchrotron radiation source. 
Figure 3.10 presents the effective molecular potential and corresponding final states of a molecule. In 
molecules there exist unoccupied or partially filled orbitals into which the core electron can be excited. 
The K-shell spectra of molecules contain a variety of pronounced resonances which correspond to 





















Figure 3.9. Determination of energy position of PTCDA HOMO. 




IE. These states are then shifted in energy below VL because of the ionization of the inner core level, so 
that they become bound states. For a closed shell atom in its ground state, the Schrödinger equation 
predicts empty Rydberg states just below the vacuum level and a continuum of empty states above it. 
When NEXAFS is applied to organic molecules, it offers various information. First, NEXAFS provides a 
technique to probe the unoccupied states of the adsorbate/substrate system and also gives information on 
the chemisorbed bond. Since the energy of unoccupied π* and σ* orbitals as well as core levels are 
different, functional-group-specific as well as element-specific information can be resolved. Second, 
NEXAFS can be used for evaluating the molecular orientation from the polarization dependence of the 
dipole matrix element due to the elliptically-polarized character of the incidence photon. 
 
3.5.2. Determination of molecular orientation 
As mentioned, NEXAFS provides information on molecular orientation from the polarization dependence 
of the dipole matrix element. The polarization dependence is determined by the effective point group of 
the adsorbed species and by the symmetry of the orbitals involved. In addition, the possible effects of 
symmetry breaking have to be considered. The accuracy of an orientation determination with NEXAFS, 
which is usually between 5 ~ 15o, is often limited by the uncertain background under the resonances, by 
presence of Rydberg transitions and multielectron excitation, as well as elliptically polarized character of 
incident photon. 
The orientation determination by means of the polarization dependence follows directly from the matrix 
element for an electronic transition in a molecule. For simplicity, let us first assume linearly polarized 
light characterized by the unit electric field vector e. The transition intensity (I) associated with the matrix 
element is given by 














Figure 3.10. Schematic effective potentials and the corresponding absorption spectra.  




where p is the electric dipole vector associated with the transition. For I ≠ 0, the product of the irreducible 
representations corresponding to <f|  |i>, and p must be totally symmetric, or at least contain the totally 
symmetric representation. For the π* resonance of an isolated, oriented diatomic molecule at a K edge 
0)( =>=< πσπ zz pp  (3.9) 
0)(,, =>=< πσπ yxyx pp  
Here, z axis is parallel to the molecular axis. The transition is thus polarized in the x, y plane, and the 
angular dependence of its intensity is given by 
πI ~ [ ]2, )(πyxpe ⋅ ~ β2sin , (3.10) 
where β is the angle between the electric vector and the molecular axis. Similarly the transition into a σ 
final state is polarized along the molecular axis, and the angular dependence is given by 
σI ~ [ ]2)(σzpe ⋅ ~ β2cos  (3.11) 
The equations indicate that for chemisorbed molecules the transition intensities depend on the orientation 
of the electric field vector components relative to the orientation of the molecule. For a transition into a σ* 
state in a diatomic molecule, with tilt angle α between the surface normal and the molecular axis, the 
angular dependence is given by 
σI ~ αθαβα 22222 sin)1()coscos2sin(sin PP −+⋅+⋅ , (3.12) 
where P is the degree of linear polarization of the incident radiation and θ the angle between the electric 
field vector and the surface normal. This formula also holds for the π* resonance intensities of ring 
molecules on substrates with higher than threefold symmetry, where α  is now the angle between the 
surface and the ring plane. Eq.3.12 provides a valuable tool for identifying angular-dependence features.  
Figure 3.11 schematically illustrates the polarization dependence of resonances for π* orbitals standing 
vertical to the substrate surface, which can be observed in a planar π−conjugated molecule lying flat on a 
substrate surface. σ* orbitals are not shown for simplicity. A transition from the K-shell to unoccupied π* 
orbital has maximum intensity when the electric field vector E of the linearly polarized X-ray beam points 
along the direction of maximum orbital amplitude. The π* transition is forbidden when E lies in the nodal 
plane of the π* orbital. The transition intensity follows cos2θ dependence, as seen in Eq.3.12. Thus, in the 











Figure 3.11. Schematic diagram of polarization dependence on the intensities of σ* and π* resonances
for a planar π−conjugated molecule system lying flat on substrate surface. 




molecular plane. On the other hand the excitation to an σ* orbital localized in a chemical bond is allowed 
when E is parallel to the bond, since the hybrid orbitals forming the σ* orbital has a nodal plane vertical to 
the bond. 
 
3.5.3. Core excitonic effect 
Another important aspect of core hole excitation is the effect of core hole on the upper levels at the 
excitation. The screening of the nuclear charge by the excited core electron is suddenly removed, and the 
valence states feel as if the positive core charge is increased by one. In particular, the atomic orbitals in the 
excited atom become stabilized. The core hole excitation can be regarded as the interaction between the 
core hole and the excited electron, with the formation of a bound electron-hole pair (core exciton). The 
effect is small if there are mobile electrons to screen the core hole, as in the case of metals. In organic 
systems, however, this effect is usually significant, since many mobile electrons are not available. 
An important result of such core-excitonic effect is the deviation of the NEXAFS spectrum from the 
density of unoccupied states. The formation of the core hole can cause the deviation by shifting the 
excitation energy, concentrating the intensity to lower energies, and making the unoccupied orbitals 
different from those in the ground state. 
For systems with inequivalent sites of an element, the spectrum is the sum of the excitations for various 
combinations of the excited sites and unoccupied orbitals. Since the excitonic effect will vary among the 
combinations, the resultant spectrum becomes rather complex. 
 
 
3.6. Evaluating current-voltage (J-V) characteristics 
 
Here, it will be shown how to determine diode parameters such as effective barrier height (ΦB,eff), ideality 
factor (n), effective mobility (µ.eff) from J-V characteristics of metal/organic/inorganic semiconductor 
heterostructures. Fig.3.12 shows an example of J-V characteristics in a forward bias region for a sample 
with a thin PTCDA layer between Ag and GaAs(100) substrate surface. The thickness of the PTCDA 
interlayer is 30 nm. The sample preparation and the measurement were performed in situ. The forward I-V 
characteristics can be modeled by three dominant processes:  
(1) Thermionic emission over the organic/inorganic semiconductor contact barrier is important at low 
current densities, which can be expressed using Eq.2.24 with V replaced by VD. Here, VD is the 
voltage drop across the inorganic semiconductor. 
(2) At higher current densities, space charge injection across the organic interlayer is dominant and is 
limited by charged states at the contact metal/organic interface. This can be expressed by the 
Mott-Gurney relation that is shown in Eq.2.7. 
(3) A voltage drop VR over the device due to the series resistance R should be considered, which is 
given by 




)/(RAVJ R= . (3.13) 
The voltage applied to the device is a sum of voltage drops due to those three components. 
RSCD VVVV ++=  (3.14) 
By solving these four equations (Eq.2.7, 2.24, 3.13, and 3.14) together, the J-V characteristics of 
metal/organic/inorganic semiconductor structures can be fitted. The thickness d and dielectric constant εO 
of the organic interlayer are given as constants, where d is measured from a calibrated quartz microbalance 
during the deposition and εO is obtained from references. A value of 1.9 is used for dielectric constant of 
PTCDA layer in a direction normal to the molecular plane [Zan91]. Then, the fitting will give four diode 
parameters, e.g. ΦB, n, R, and µeff. 
In writing Eq.2.24, the dependence of reverse current on generation and recombination at the 
organic/inorganic interface or in the inorganic bulk has been ignored. Also, like Schottky barrier diodes, 
the organic/inorganic devices are dominated by majority carrier transport injected into the organic layer 
from the inorganic bulk. 
It should also be mentioned that, for this fitting, the existence of a barrier only at the organic/inorganic 
semiconductor interface and an ohmic contact at metal/organic interface are assumed. However, the 
assumption of one barrier at the organic/inorganic semiconductor interface still gives satisfactory fitting 
results, as can be seen in Fig.3.12. Any other influence except the organic/inorganic semiconductor 
interface on ΦB are included by using effective barrier height (ΦB,eff). 
Traps in the organic interlayer can play an important role in current transport. The effects of traps in 
transport characteristics include (1) apparent dependence of the space-charge mobility on contact metal, 
(2) thermal activation of the mobility, (3) dependence of mobility on the crystallinity of the thin films, and 
(4) thermal activation energy of the conductivity of organic semiconductor significantly smaller than one 
half the bandgap energy [For84]. In the presence of traps the SCLC is given by Eq.2.7, where the effective 
mobility is µeff = θµ. If the mean free path of the carrier is much smaller than the Debye length, hopping 
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Figure 3.12. An example of in situ J-V characteristics in a forward bias region for an organic modified
Ag/GaAs(100) Schottky contact. A thin PTCDA layer of 30 nm thickness is introduced for the organic
modification. 




following µeff = µ0exp(-Eb/kT). µeff is also known to depend on the electric field, which is explained by the 
acoustic phonon scattering [Sch01]. For our fitting, the dependence of µeff on electric field was ignored. 
This is because the electric field dependence on µeff  in a low bias region that is used for the fitting is low. 
 
 









4.1. UHV systems 
 
All experiments in this study were performed either in an ultrahigh vacuum (UHV) chamber in Chemnitz 
or in UHV chambers at the Berlin electron synchrotron (BESSY I and BESSY II). 
The diagram of the UHV system in Chemnitz is shown in Fig.4.1. The system consists of four separate 
parts, i.e. the analysis chamber, the preparation chamber, the plasma chamber, and the sample reservoir 
chamber. The analysis chamber is equipped with an angle resolved electron analyzer (VG ARUPS10), a 
He discharge lamp, and an X-ray source with Al and Mg dual anodes for PE studies, and low electron 
energy diffraction (LEED). The overall resolution of the spectrometer determined using a polycrystalline 
Ag(111) film grown on hydrogen-passivated Si(111) surface is 0.15 eV for the He I line. The base 
pressure of the analysis chamber is 2×10-8 Pa. Organic molecular beam deposition as well as metal 



























Figure 4.1. Diagram of UHV system in Chemnitz. 




than 1×10-8 Pa. The preparation chamber is also equipped with a shadow mask, which allows to fabricate 
metal dots with three different areas (2.1⋅10-4, 0.8⋅10-4, and 0.3⋅10-4 cm2) for electrical measurements. In 
situ electrical measurements were performed in the preparation chamber through a gold needle connected 
to an electrical feedthrough. Samples can be introduced into the chamber using a fast loadlock in the 
plasma chamber. Between each chamber samples can be transferred without breaking vacuum through the 
sample reservoir chamber in the middle of the UHV system. Up to seven samples can be stored in the 
sample reservoir chamber at once. 
For the experiments performed at BESSY, various UHV systems were used. PES were performed at the 
TGM2 monochromator at BESSY I. The UHV chamber at the TGM2 consists of three parts, the main 
chamber with an electron analyzer, a sample preparation chamber, and a fast loadlock. The electron 
analyzer in the main chamber is an ADES 400 hemispherical analyzer whose overall resolution is 0.3 eV 
at photon energy of 59 eV. The base pressure of the chamber was 2×10-8 Pa. The NEXAFS measurements 
were performed at the PM1 beamline of BESSY II. The data were recorded in total yield mode and the 
light incidence angle was varied between normal and near-grazing incidence (0o and 70o). For 
normalization, spectra of an Ag film of 100 nm thickness were taken and used as reference spectra. Table 
4.1 presents a list of monochromators, type of measurements, the base pressure, and kinds of samples 
prepared at BESSY. All the other results presented in this study were obtained in Chemnitz. 
 
 
4.2. Surface treatment of GaAs(100) 
 
Figure 4.2 schematically shows different procedures for the preparation of GaAs(100) surfaces. 
Table 4.1. List of experiments performed at synchrotron radiation source BESSY. 
Monochromator Experiment Base pressure Sample 


















For the preparation of GaAs(100)-c(4×4) and Se-GaAs(100)-(2×1) surfaces, homoepitaxially grown n-
type GaAs(100) layers (Si doped, n = 1⋅1018 cm-3) capped with a thick amorphous As layer served as 
substrates. By a gentle annealing of the substrate at 400oC in UHV, a GaAs(100)-c(4×4) surface was 
obtained. In order to prepare the Se-GaAs(100) surface, the GaAs(100)-c(4×4) surface was exposed to a 
beam of Se by a decomposition of SnSe2 from a Knudsen cell. During the Se treatment, the sample was 
kept at 400oC, which leads to a surface showing a sharp (2×1) LEED pattern. 
On the other hand, Te-doped n-type epi-ready GaAs(100) (Freiberger Compound GmbH, n=21017 cm-3) 
was used as substrate for the preparation of S-GaAs(100) and H-plasma treated GaAs(100) surfaces. The 
sample was first degreased in an ultrasonic bath with acetone, ethanol, and DI-water in sequence for 5 min 
each. The residual liquid was blown off with N2. The S-GaAs(100) surfaces were obtained by dipping into 
a mixture solution of S2Cl2:CCl4 (= 1:3), followed by rinsing first in CCl4 and then in acetone, ethanol, and 
DI-water. After the treatment, the sample was dried with N2 and quickly introduced into the UHV 
chamber and annealed at 430oC, resulting in a (1×1) or weak (2×1) surface reconstruction. 
For the hydrogen-plasma treated GaAs(100) surface, after the degreasing process the sample was first 
dipped into 40% HCl solution in order to remove part of the native oxide on the surface. H- plasma was 
obtained by a decomposition of H2 gas using a high voltage of 10 kV at a 3×10-1 Pa chamber pressure. The 
H-plasma treatment was performed for 5 min at a sample temperature of 300oC. The surface shows a (1×1) 
LEED pattern. 
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H-Plasma at 300oC, 5min
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Figure 4.2. Schematic diagram of procedures for the preparation of differently treated GaAs(100) 
surfaces. The procedures performed in UHV chamber are presented in shaded boxes. 




4.3. Organic molecular beam deposition (OMBD) 
 
PTCDA and DiMe-PTCDI were purchased from Lancaster and SynTec, respectively. Prior to use, they 
were purified twice by thermal gradient sublimation at < 1×10-1 Pa. Each material was then filled into a 
quartz crucible that was mounted in a Knudsen cell. Before the evaporation of the organic material, the 
Knudsen cell was fully degassed for a few hours at 200oC. 
Organic thin films were prepared using organic molecular beam deposition (OMBD) from Knudsen cells. 
During OMBD, GaAs(100) substrates were kept at RT. 
The thickness of the organic thin films was controlled using a quartz-crystal microbalance that is located 
in the vicinity of the sample. A calibration of the microbalance was done by taking AFM images for 
additionally grown PTCDA film at a fixed rate of the resonance frequency change. The atomic force 
microscope (AFM) images (Fig.4.3) show a granular structure, which indicates the formation of a 
polycrystalline film. The thickness determined by the AFM images gives the relation between the 
thickness of PTCDA film and the frequency change of the microbalance by 
nmHz )05.055.0(10 ±= . (4.1) 
A typical deposition rate used for PTCDA was 0.3 ~ 1.5 nm/min. The same parameter was used for the 
deposition of DiMe-PTCDI. This can be justified considering similar densities of PTCDA (1.69 g/cm3) 
and DiMe-PTCDI (1.59 g/cm3) films [For84,Häd86]. 
 
 
4.4. Metal evaporation 
 
Ag and In were evaporated from Knudsen cells, Cs was evaporated from a dispensor, and an electrically 
heated tungsten filament was used for the evaporation of Mg. Prior to use, all evaporation sources were 
thoroughly degassed. The amount of metal deposited onto the sample is evaluated from the change in 
 
 
Figure 4.3. AFM images with two different resolutions for a 30 nm PTCDA film deposited on S-
GaAs(100) surface. 




resonance frequency of the quartz crystal microbalance. The change in frequency ∆f is related to the 







where ρQ and ρM are the densities of the quartz and the metal, respectively. NQ is a frequency constant for 
a quartz crystal vibrating in the thickness shear mode (= 1.668⋅105 cm/s) and f is the resonance frequency 
before the evaporation (≈ 6 MHz). 
The densities and some other important properties of atoms of the materials used in this study (metals and 
semiconductors) are summarized in Table 4.2. 
 
Table 4.2. Summary of important properties of atoms of the materials (metals, organic and inorganic 
semiconductors) used in this study. 




































































In this chapter, chemical and electronic structures of differently treated GaAs(100) surfaces used as 
substrates for the growth of the organic films will be discussed. To this end, core level and VB spectra are 
measured. First, core level spectra of GaAs(100)-c(4×4) and Se-GaAs(100) surfaces will be briefly 
discussed in connection with their structural models. Then, focuses will be made on the formation of S-
GaAs(100) surface by a wet chemical S2Cl2 treatment and subsequent annealing. The formation of surface 
dipoles and pinning of the surface Fermi level (EF) derived from the core level and VB spectra will be 
compared with those of other GaAs(100) surfaces. 
 
5.1. Chemical properties 
 
5.1.1. GaAs(100)-c(4×4) and Se-GaAs(100) surfaces 
Figure 5.1 shows core level spectra and the fitting results for GaAs(100)-c(4×4) and Se-GaAs(100) 
surfaces. A clean As-rich GaAs(100)-c(4×4) surface is achieved after decapping a thick As layer (lower 
spectra in Fig.5.1). This can be concluded from the As3d core level spectrum, which exhibits three 
different components. The most prominent feature (As1) in the spectrum with a binding energy of 
(40.88±0.10) eV relative to EF is attributed to As atoms in the bulk-like environment of GaAs. The As2 
surface component shifted by (0.59±0.05) eV towards higher binding energy with respect to As1 can be 
assigned to As atoms in a pure As surrounding representing the surface dimers. The As3 component can 
be attributed to As atoms in the second atomic layer, which are three fold-coordinated due to missing 
surface dimers. The energy position of As3 is shifted (0.56±0.05) eV towards lower binding energy. The 
Ga3d core level of the GaAs(100)-c(4×4) surface is characterized by a bulk component (Ga1) at a binding 
energy of (19.16±0.10) eV and a weak surface component (Ga2) shifted by (0.89±0.05) eV towards higher 
binding energy. Ga2 originates from Ga at the interface of the bulk to the threefold coordinated As atoms 
in the second layer. 
The Se modification of the clean GaAs(100)-c(4×4) surface changes the lineshapes of the Ga3d and As 3d 
core level spectra and, additionally, a new feature corresponding to emission from Se3d core level appears 




(upper spectra in Fig.5.1). The striking change upon the Se modification is that the energy position of the 
Ga and As bulk components (Ga1 and As1) shifts towards higher binding energy compared with those of 
the GaAs(100)-c(4×4) surface. This indicates the decrease in upward band bending for an n-doped 
GaAs(100) surface, which is also observed in the shift of the VBM. The details of the surface band 
bending will be discussed later. 
The best fit of the Se3d core level spectrum was obtained using two components. According to the 
structural model by Pashley et al.[Pas94], the Se1 component at a binding energy of (54.46±0.10) eV is 
assigned to the emission from the Se atoms in a topmost Se dimer layer while Se2 corresponds to those in 
a Ga2Se3-like environment between a second atomic Ga layer and a fourth layer with Ga and vacancies. 
The Se2 component is shifted by (0.93±0.05) eV towards lower binding energy. The assignment is in good 
agreement with previous results [Hoh98,Hoh98b], based on electronegativity considerations and also 
stronger reactivity of the Se1 atoms upon subsequent metal deposition. 
In the Ga3d core level spectrum, two new surface components (Ga3 and Ga4) appear after the Se 
modification. Those are shifted by (0.40±0.05) and (0.88±0.05) eV towards higher binding energy relative 
to Ga1. Hohenecker et al. measured at increasing take-off angles of up to 60o referenced to the surface 
normal in order to get an idea of the origin of the two Se-induced Ga surface components [Hoh98,Hoh99]. 
It was observed that with increasing the take-off angle, the intensity of Ga2 increases much more than that 
of Ga3, indicating that Ga2 originates from Ga atoms nearer to the sample surface. Thus, Ga2 can be 
assigned to Ga atoms in a Ga2Se3-like surrounding while Ga3 represents Ga atoms between GaSe-like 
layer and As layer connected to bulk GaAs. This is further supported by considering the binding energies 
and electronegativities of the two components. Since the electronegativity of Se is larger than that of As, 
Ga atoms surrounded by Se atoms is expected to give higher binding energy than Ga atoms surrounded by 
As atoms. The As3d core level spectrum shows a bulk component and a weak surface component (As4) 
which corresponds to the As layer between GaSe-like layer and GaAs bulk. 
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Figure 5.1. Core level spectra of GaAs(100)-c(4×4) and Se-GaAs(100)-(2×1) surfaces. 





5.1.2. S-GaAs(100) surface 
The S-GaAs(100) surface differs from the Se-GaAs(100) surface in that the surface is prepared by a wet 
chemical etching process which may result in inhomogeneous surfaces [Ber98,Oig91]. Here, it will be 
discussed how the S-GaAs(100) surface forms upon the wet chemical treatment and subsequent annealing. 
Figure 5.2 shows core level spectra of the GaAs(100) surface after the S2Cl2 treatment and subsequent 
annealing. The core level components were numbered in 
such a way that direct comparison can be made with those of 
the Se-GaAs(100) surface. Basically the lineshape of all core 
level spectra after annealing at 430oC is identical to that of 
the Se-GaAs(100) surface, indicating almost identical atomic 
structures for both surfaces. 
The S2p core level spectrum of as-treated surface can be 
fitted with two components (S1,S3) at binding energies of 
(162.45±0.15) and (161.46±0.15) eV, respectively. In 
analogy of the Se-GaAs(100) surface, the S1 component is 
assigned to S atoms in topmost S dimer layer. S3 originates 
from As-S bonds, which is deduced by taking into account 
the intensity variation upon annealing. The As3d core level 
spectrum is characterized by a bulk feature (As1) at 
(41.35±0.10) eV and a more intensive broad feature at 
higher binding energy. Curve fitting of the broad feature 
reveals two more components (As5, As6) that are shifted by 
(1.81±0.10) and (1.37±0.10) eV towards higher binding 
energy relative to As1, respectively. These new features 
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Figure 5.2. Core level spectra of the GaAs(100) surface after S2Cl2 treatment and subsequent 
annealing. The core level components were numbered in such a way that direct comparison can be
made with those of the Se-GaAs(100) surface.  


























Figure 5.3. Intensity variation of core
level components as a function of
annealing temperature.  




cannot be attributed to As-O bonds since the binding energies of those components are different [Sug91]. 
Generally a peak corresponding to As-O bonds appears at ~ 3.5 eV higher binding energy relative to As1. 
This is consistent with the fact that no oxygen was detected in the Auger electron spectrum for the S2Cl2 
as-treated surface [Li94]. As5 and As6 can be assigned to two differently bound As-S states, as suggested 
by Moriaty et al. for a S deposited GaAs(100) surface [Mor94]. Compared with the S-GaAs(100) surface 
prepared in UHV and wet chemically (NH4)2Sx-treated surface [Mor94,Pag96], those two features (As5, 
As6) from the S2Cl2 as-treated surface are much stronger, indicating a stronger etching of As atoms on the 
GaAs(100) surface by the S2Cl2 solution. The lineshape of the Ga3d core level spectrum is similar to that 
of the Se-GaAs(100) surface and basically does not change throughout the annealing temperature, with a 
difference being a slightly longer tail of the spectrum at higher binding energy side. This indicates that 
Ga-S bonds form even in the S2Cl2 as-treated surface. Here, the same assignment as in the case of the Se-
GaAs(100) surface can be made for Ga1, Ga2, and Ga3. The presence of the GaAs bulk features (As1, 
Ga1) for the S2Cl2 as-treated surface reveals that amorphous surface layer is only a few atomic layers 
thick. Annealing the sample significantly changes the lineshape of the S2p and As3d core level spectra. In 
the S2p core level, a new component (S2) that corresponds to the formation of Ga-S bonds appears at 
(160.71±0.15) eV. 
A deeper insight in the chemistry during the formation of the S-GaAs(100) surface can be obtained by 
considering the intensity variation of the core level components as a function of annealing temperature. 
This is shown in Fig.5.3. First, annealing the sample significantly increases the intensity of As1 and Ga1 
bulk features due to a removal of the amorphous overlayer. Using Eq.3.6 with λ = 0.5 nm, the thickness of 
the amorphous surface layer is estimated to be ~ 1 nm. This is consistent with the observation of the GaAs 
bulk features in the core level spectra of the S2Cl2 as-treated surface. With increasing annealing 
temperature, the intensity of both S3 and As4 decreases while Ga surface components (Ga2,Ga3) and S2 
increase in intensity. Since a change in intensity of two different core level components in the same 
direction can indicate a removal or a formation of a compound composed of those two atoms, S3 and As5 
can be assigned to an As-S bond and S2 to the formation of a Ga-S bond. The surface chemistry during the 
formation of the S-GaAs(100) surface is schematically shown in Fig.5.4. It can be also seen that As5 is 
more loosely bound state than As6, so that As5 can be easily removed by annealing at lower temperature. 
However, since the relative intensity between all Ga components remains unchanged, the intensity 


























Figure 5.4. Schematic diagram of surface chemistry for S-GaAs(100) surface derived using core level 
spectra. 




the As-S component. This result implies two facts. First, the formation of Ga-S bonds is almost complete 
in the S2Cl2 as-treated surface and, second, As-S bonds are located at the topmost amorphous layer. The 
annealing process only seems to lead to improved ordering of the Ga-S and S-S components. This 
argument is supported by the intensity variation of S1. S1 exists in the S2Cl2 as-treated sample and after 
the removal of the topmost As-S amorphous layer at 220oC the intensity of S1 does not increase further 
upon annealing at 430oC.  
 
 
5.2. Electronic properties 
 
5.2.1. Valence band spectra of S-GaAs(100) surface 
In addition to surface chemistry during the formation of the S-GaAs(100) surface, change in the electronic 
structure was investigated using PES. Figure 5.5 shows VB spectra after S2Cl2 treatment of the GaAs(100) 
surface and subsequent annealing at different temperature. The left, middle, and right panels correspond to 
low kinetic onset region, main VB structure, and the VBM region, respectively. The spectrum of the S2Cl2 
as-treated surface contains a broad asymmetric feature centred at ~ 6 eV below EF and a low binding 
energy tail expanding up to VBM. Annealing the surface does not affect the VB spectra up to 330oC. Only 
a slight increase in intensity of the low binding energy tail is observed for the spectrum at 330oC. 
Considerable change was observed when the surface is annealed at 430oC. At this temperature at least 
three valence structures at 2.6, 5.5, and 8.1 eV can be distinguished. These are labeled A, B, and C, 
respectively. Taking into account the intensity increase of the core level components corresponding to Ga-
S bond upon annealing, those features seem to be related to the formation of Ga-S bonds. A VB study of 
as-grown GaS layer and after annealing at 500oC shows that the VB spectrum for the annealed GaS layer 
contains sharp structures at energy positions similar to A and B [Cao99]. Therefore, the development of 



















































Figure 5.5. VB spectra of the GaAs(100) surface after S2Cl2 treatment and subsequent annealing.  




the VB structures is an indication of the improved 
surface ordering of the, most probably, Ga-S and S-S 
bonds. 
The evolution of φS evaluated from the secondary 
electron onset position and EVBM is shown in Fig.5.6 as a 
function of annealing temperature. The energy positions 
are referenced to EF. While the change in EVBM is 
negligible in the whole temperature range, φS slightly 
decreases up to 330oC, followed by a steep increase 
between 330 ~ 430oC. This indicates that EVBM, namely 
the band bending of the GaAs(100) surface, is 
determined by the wet chemical treatment and does not 
change upon annealing. The improvement of the surface 
ordering is responsible for change in the surface dipole.  
The variation of the surface dipole can be understood by 
considering the chemistry of the surface during the 
annealing process shown in Fig.5.4. The removal of 
loosely bound As-S components in the topmost layer 
will leave a lower amount of more strongly bound As-S bonds behind, with As atom on the surface. This 
will induce more positive surface dipole with respect to the S2Cl2 as-treated surface, leading to a decrease 
in φS. On the other hand, there can be two reasons for the increase in φS between 330 ~ 430oC. First, after a 
removal of residual As-S bond the topmost atomic layer consists of S dimers, leading to a strong negative 
dipole on the surface. Secondly, as is observed in a strong increase of the VB structures at 430oC, the 
structural ordering of Ga-S bonds also can affect the increase in φS.  
It should be mentioned that electronic structure of the S-GaAs(100) surface varies from sample to sample. 
Figure 5.7 shows VB spectra of different samples that are prepared by the wet chemical S2Cl2 treatment 
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Figure 5.6. The evolution of φS and EVBM as 
a function of annealing temperature for 
S2Cl2 treated GaAs(100) surface. 





























Figure 5.7. VB spectra of the S-GaAs(100) surfaces from different samples. 




and subsequent annealing at 430oC. The values of IES, namely a sum of EVBM and φS, are included. It is 
observed that IES of the S-GaAs(100) surfaces varies between (5.55±0.10) and (5.92±0.10) eV. Taking a 
closer look at the spectra, one can observe a correlation between the IES and the degree of the 
development of the VB structures (A,B). With increasing IES, A and B are more developed. Since EVBM 
does not change within the error of the measurement, the difference in IES can be attributed to the different 
rate of the structural ordering corresponding to Ga-S bonds. It seems that even a slightly different ramp 
rate and pressure increase during annealing strongly affect the degree of the surface reconstruction and, 
consequently, IES (φs) of the surfaces. 
 
5.2.2. Comparison with other GaAs(100) surfaces 
In Fig.5.8 the VB spectrum of the S-GaAs(100) surface is compared with those of the GaAs(100)-c(4×4) 
and Se-GaAs(100) surfaces. Depending on the treatment, VB and electronic structures vary considerably. 
A main characteristic of the chalcogen (S, Se) treated surfaces compared with that of the GaAs(100)-
c(4×4) surface appears in the energy position of EVBM which is shifted by ~ 0.4 eV towards higher binding 
energy. This is also observed in the energy shift of GaAs bulk core level components (Ga1, As1), which is 
attributed to the reduction of the upward band bending in n-type GaAs(100) surfaces. Three features 
labeled A, B, and C are distinguishable in the VB spectra after the chalcogen treatment. However, energy 
positions and relative intensities of those features are different, which are due to different chemical 
properties of different atoms (S, Se) and structural ordering. Since the difference in EVBM is negligible, the 
energy shift of the VB structures cannot be attributed to a change in the band bending. This is most likely 
due to different valence structures of S (3s2p4) and Se (4s2p4) atoms. Taking it into account that IES is 
correlated to the development of the VB structures for different samples of the S-GaAs(100) surface, the 
same behaviour can be found between the Se-GaAs(100) and S-GaAs(100) surfaces. The Se-GaAs(100) 
surface shows much more stronger feature A and higher φS than those of the S-GaAs(100) surface. This 
indicates a better ordering of the Se-GaAs(100) surface, leading to a stronger surface dipole. This is 










































Figure 5.8. VB spectra of differently treated GaAs(100) surfaces, from the lowest spectrum 
GaAs(100)-c(4×4), Se-GaAs(100)-(2×1), and S-GaAs(100) surfaces.  




understandable considering the nature of the surfaces treated in two different methods. The Se-GaAs(100) 
surface prepared in UHV forms more homogeneous and better ordered surface than the wet chemically 
treated S-GaAs(100) surface, resulting in a stronger surface dipole. 
In addition to those surfaces H-plasma treatment was 
performed to clean GaAs(100) surfaces. These surfaces 
are used to characterize transport properties for a model 
system of organic modified Schottky contacts (Chap.9). 
Figure 5.9 presents VB spectra of the HCl etched 
GaAs(100) surface and after subsequent H-plasma 
surface treatment at a sample temperature of 300oC. The 
H-plasma treatment results in an increase in VB 
structures at low binding energy region as well as 
change in EVBM and φS. 
IES and EVBM for differently treated GaAs(100) surfaces 
are summarized in Fig.5.10. It is found from the 
comparison that electronic structure (both IES and EVBM) 
of the H-plasma treated surfaces is similar to those of 
the GaAs(100)-c(4×4) surface. On the other hand, 
despite the scattering of IES all the surfaces modified by 
chalcogen atoms show similar values of EVBM. 
Therefore, it can be expected that the barriers for 



























Figure 5.10. IES and EVBM for differently 
treated GaAs(100) surfaces. 












































Figure 5.9. VB spectra of HCl etched GaAs(100) surface and subsequent H-plasma treatment for 5 
min at a sample temperature of 300oC (hν = 21.22eV). 









After the characterization of GaAs(100) surfaces, the next things that play an important role on the 
performance of organic modified Schottky contacts are the growth of organic films and the interface 
between the organic films and the substrate surfaces. PTCDA is grown on the GaAs(100) surfaces having 
different surface chemical and electronic properties. First, initial adsorption and the growth mode upon 
deposition of PTCDA on GaAs(100) surfaces will be discussed on the basis of results from the core level 
spectra. Then, the energy band diagram formed at PTCDA/GaAs(100) interfaces will be determined using 
VB spectra. From the diagram, a general rule of the energy level alignment by EA differences at 
PTCDA/n-GaAs(100) interfaces will be proposed. The validity of this rule is examined by depositing 
films of another perylene derivative, DiMe-PTCDI on S-GaAs(100) surfaces. Finally, the molecular 





6.1.1. Core level spectra and initial absorption 
Figure 6.1 shows core level spectra of substrate components (Ga3d, As3d, S2p, and Se3d) upon deposition 
of PTCDA on differently treated GaAs(100) surfaces in a stepwise manner. Lowest spectra in each panel 
show the core level spectra before the PTCDA deposition, which correspond to GaAs(100)-c(4×4), S-
GaAs(100), and Se-GaAs(100) surfaces for Fig.6.1(a), (b) and (c), respectively. The core level spectra 
corresponding to the GaAs(100) surfaces were discussed in Chap.5. Upon the deposition of PTCDA onto 
those surfaces no dramatic change was observed in the lineshape of all the core level spectra, indicating 
the absence of a chemical reaction of the PTCDA molecules with the GaAs surfaces. However, taking a 
closer look at the core level spectra corresponding to the topmost atomic layer (As3d, S2p, and Se3d for 
GaAs(100)-c(4×4), S-GaAs(100), and Se-GaAs(100) surfaces, respectively), subtle changes are revealed, 
namely the valley originating from spin-orbit splitting in As3d core level spectra of PTCDA/GaAs(100)-
c(4×4) and the shoulders at both sides of S2p and Se3d core level spectra for PTCDA/S-GaAs(100) and 
PTCDA/Se-GaAs(100) become sharper. The sharpening of the core level spectra is indicated by arrows. 
The sharpening is still seen in the core level spectra even at higher PTCDA thickness. Curve fitting of the 
core level spectra reveals such change more clearly. Table 6.1 shows 
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Figure 6.1. Core level spectra upon deposition of PTCDA on (a) GaAs(100)-c(4×4), (b) S-GaAs(100),
(c) Se-GaAs(100) surfaces. Arrows indicate the sharpening of the core level lineshape upon PTCDA
deposition. 
                          




changes in the Gaussian linewidth before and after PTCDA deposition for all the core levels of the three 
different samples. The values of the Gaussian linewidth after PTCDA deposition were averaged over the 
values obtained from spectra at different PTCDA thickness. While the energy positions of the core level 
components remains unchanged, the fitting results show that a pronounced reduction in the Gaussian 
linewidth occurs for the core level components corresponding to the topmost atomic layers. The decrease 
in the Gaussian linewidth is different for each core level. However, when corrected by overall resolutions 
at the corresponding photon energies for the core levels (0.25, 0.3, 0.5 eV for As3d, Se3d, and S2p, 
respectively), the decrease of the Gaussian linewidth for all core levels lies in a similar range. The 
linewidths corresponding to deeper lying core levels appear to decrease but to much less extent. 
In order to understand origin of the core level sharpening, another sample was prepared by depositing 
much less than one monolayer thickness of PTCDA on the Se-GaAs(100) surface. The thickness of the 
ultrathin layer was ~ 0.1 nm, estimated by the degree of the 
damping of the GaAs bulk core level components (Ga1,As1) 
and band A in the VB spectra (see Chap.5) upon the PTCDA 
deposition. The sharpening of the Se 3d core level is still 
observed (Fig.6.2) and, therefore, it can be concluded that 
this behaviour is related to the initial adsorption of PTCDA 
onto surfaces. 
As discussed in Chap.3, the Lorentzian linewidth accounts 
for the intrinsic lifetime of the core hole while all other 
factors, such as the instrumental resolution, the presence of 
satellites, and disorder and potential variations across the 
surface which result in inhomogeneous band bending of the 
surface, contribute the Gaussian broadening. In the absence 
of covalent bonding upon deposition of organic molecules 
on GaAs(100) surfaces, as evidenced by core level spectra, 
only the last reason can influence the change of broadening 
in the core level spectra since all other factors remain 
unchanged. Therefore, the sharpening of the surface core 
level lines can be attributed to a reduction of inhomogeneous 





















Figure 6.2. Se3d core level spectra
before and after deposition of 0.1 nm
PTCDA on Se-GaAs(100) surface. 
Values of the Gaussian broadening
obtained from  curve fitting are
included. 
Table 6.1. Gaussian linewidth of core level spectra before and after deposition of PTCDA on
GaAs(100) surfaces. The values after PTCDA deposition are averaged over the values obtained from
the spectra at different PTCDA thickness. 
 PTCDA/GaAs(100)-c(4×4) PTCDA/S-GaAs(100) PTCDA/Se-GaAs(100) 
Ga3d 0.54 → 0.50 0.50 → 0.50 0.41 → 0.44 
As3d 0.63 → 0.58 0.61 → 0.58 0.53 → 0.55 
Se3d   0.83 → 0.77 
S2p  1.07 → 0.97  
 




band bending of the surfaces. 
The surface Fermi level pinning in the band gap for covalent semiconductors is commonly observed 
regardless of the type of surface due to a large number of surface states. A scanning tunneling microscope 
(STM) study of GaAs(100) surfaces by Yamaguchi et al. reveals a density of surface kinks to be in the 
range of 1012 ~ 1013 cm-2, depending on the doping concentration [Yam96]. The situation is not different in 
the case of the Se-GaAs(100) surface. Two types of defects on the surface were observed by a STM study 
[Pas94], a few small holes simply from missing dimers and many more bright features. The density of 
these bright features is approximately 1012 cm-2. Considering the doping concentration used in this study 
(2×1017 ~ 1×1018 cm-3), the number of dopant atoms on the surface would also be ~ 1012 cm-2 among 
6×1014 cm-2 surface atoms. In both cases, there is approximately one dopant atom in 300 surface unit cells, 
which can easily be covered by 0.1 nm PTCDA molecules. It is also known that the PTCDA molecules 
preferentially adsorb at defect sites due to an enhanced interaction [For97]. Since no further change is 
observed upon further PTCDA deposition, the sharpening of the core level spectra corresponding to the 
surface components is attributed to the preferential adsorption of PTCDA molecules on the defect sites, 
leading to a removal of inhomogeneous Fermi level pinning.  
Since dopant atoms have different covalent radius (0.11 nm for Si, 0.14 nm for Te), it may induce local 
distortion of the surface. Upon PTCDA deposition on top of the dopant atoms and/or any other defect sites 
of the GaAs(100), geometrical distortions at the local surface may relax accompanied by charge 
redistribution, resulting in more homogeneous surfaces. Even though no indication of covalent bond 
formation between PTCDA and GaAs(100) surfaces was observed in the core level spectra, it should be 
considered that charge transfer may occur through defect sites and/or dopants, leading to a deformation of 
the local PTCDA molecule. Due to the low defect density, a more sensitive and higher resolution 
measurement technique is needed to reveal the local charge transfer between dopant atoms and PTCDA 
molecules. However, the results indicate the possibility that organic molecules may serve as very suitable 
probes for inorganic semiconductor surface evaluation through the photoemission studies. 
 
6.1.2. Growth mode 
Figure 6.3 shows the evolution of normalized intensities corresponding to Ga1 components as a function 
of PTCDA thickness for different GaAs(100) surfaces. They are presented on a semi-logarithm scale. In 
all cases a steep decrease of intensities is observed at low PTCDA thickness below 0.5 nm, followed by 
the region with a slower decrease. This indicates that growth of PTCDA on the GaAs(100) surfaces 
follows the Stranski-Krastanov-like growth, namely a completion of a monolayer and subsequent growth 
of islands. The island formation can also be seen in the AFM images in Fig.4.3. The formation of islands 
can be attributed to the stronger intermolecular interaction between PTCDA molecules than the interaction 
between the molecules and the GaAs(100) surfaces, which is in contrast to an epitaxial growth up to very 
thick films for PTCDA on alkali halides, such as NaCl(100) and KCl(100) [For97,Mob46]. It is observed 
that the slopes of the slow decrease region are different depending on the substrate surfaces, from which 
the degree of the islanding can be estimated. The slopes are in the order of PTCDA/S-GaAs(100) < 
PTCDA/Se-GaAs(100) < PTCDA/GaAs(100)-c(4×4). It seems that the islanding is biggest and the 
completion of layers is slowest for PTCDA deposition on S-GaAs(100) surface. The J-V measurements on 




Ag/PTCDA/GaAs(100) and Ag/PTCDA/S-GaAs(100) heterostructures reveal that the effective mobility 
(µeff) of the PTCDA layer for the latter is twice as high as that of the former (Chap.9). From those two 
observations, i.e. the bigger island growth and higher mobility, it can be deduced that the S-GaAs(100) 
surface results in the PTCDA layer with the larger crystallite size. 
 
6.1.3. Valence band spectra and interface electronic structures 
In Fig.6.4, VB spectra of PTCDA on different GaAs(100) surfaces are shown as a function of the PTCDA 
thickness. For PTCDA/GaAs(100)-c(4×4) and PTCDA/Se-GaAs(100), synchrotron radiation (hν = 24eV) 
was used as a photon source while a He discharge lamp (hν = 21.22eV) was used for PTCDA/S-
GaAs(100). The S-GaAs(100) surfaces show various IES from sample to sample depending on the degree 
of the surface reconstruction and those having various IES were used for PTCDA deposition (Chap.5.2.1). 
Here, only one representative deposition series is presented (Fig.6.4(b)). Lowest spectra in each panel 
represent the substrate surfaces that were discussed in Chap.5. The deposition of PTCDA results in clear 
changes in the spectra. However, at the PTCDA thickness lower than ~ 1nm, there are still features of the 
substrate surfaces present. Upon further PTCDA deposition, emission from the PTCDA films becomes 
dominant. In the spectra of thick PTCDA films, four features from π occupied molecular orbitals 
(A’,B’,C’,D’) and an σ orbital (E’) of PTCDA are clearly seen. This is in good agreement with previous 
work [Hir94,Azu00,Ker01]. According to a molecular orbital calculation for the PTCDA molecule by 
Kera et al. [Ker01], The HOMO band (A’) consists of a single molecular orbital of π character, 3au, 
distributed over the perylene core. The next three bands (B’,C’,D’) are related to some of π character from 
perylene core and molecular orbital derived from oxygen 2px and 2py atomic orbitals. The feature E’ is 
ascribed to π character from perylene core and C=O and involves contribution of some σ states. 
In addition to the development of VB structures corresponding to the PTCDA films, change in the energy 
position of the secondary electron onset is observed, as is shown in the left panels of Fig.6.4. This 
indicates the VL shift (or formation of ∆) at PTCDA/GaAs(100) interfaces. The amount and direction of 
the shift are different when different GaAs(100) surfaces are used, which will be discussed later. It should  






















Figure 6.3. Normalized intensities of Ga1 components as a function of PTCDA thickness on different 
GaAs(100) surfaces. 













































































































































Figure 6.4. VB spectra upon deposition of PTCDA on (a) GaAs(100)-c(4×4), (b) S-GaAs(100), (c) Se-
GaAs(100) surfaces. The spectra for the PTCDA/GaAs(100)-c(4×4) and PTCDA/Se-GaAs(100) were 
measured using synchrotron radiation source (hν = 24eV) while a He discharge lamp (hν = 21.22eV) 
was used for PTCDA/S-GaAs(100). Solid lines are guides for the eye. 
                          




be noted that a completion of the VL shift occurs below 1nm PTCDA thickness for PTCDA/GaAs(100)-
c(4×4) and PTCDA/Se-GaAs(100), while a bit slower shift of VL that lasts up to ~ 2nm PTCDA thickness 
was observed for PTCDA/S-GaAs(100). This is related to the actual nominal thickness for the completion 
of monolayer since an interface dipole layer can be thought of as a parallel plate capacitor and therefore 
results in an abrupt change in electrostatic potential energy at the interface [Hil00]. The slower completion 
of VL shift for PTCDA/S-GaAs(100) is consistent with the bigger islands formation, as is seen in Fig.6.3.  
The energy band diagram of the PTCDA films on the GaAs(100) surfaces having different electronic 
properties may provide a general rule for the energy level alignment at those interfaces. Before drawing 
the energy level alignment formed at PTCDA/GaAs(100) interfaces, it should be considered whether there 
is any energy level shift upon PTCDA deposition for features corresponding to the GaAs(100) surfaces 
and the PTCDA films. As can be seen in Fig.6.4, the energy position corresponding to the centre of the 
PTCDA HOMO in the VB spectra for each sample does not appear to change during the stepwise 
deposition, despite the fact that it is difficult to evaluate the energy shift below a PTCDA thickness of 1 
nm due to the screening by the VB features of the substrates. The energy shift of the GaAs(100) level can 
be determined by core level energy shift. After the determination of the energy distance between EF and 
EVBM from the VB spectrum before PTCDA deposition, the evolution of EF is monitored by the binding 
energy shifts of the Ga3d and As3d bulk components. This is shown in Fig.6.5 as a function of PTCDA 
thickness. In all cases, the change in the energy position is negligible within the error of the measurement, 
indicating that the band bending of the substrate surfaces does not change upon PTCDA deposition. 
Figure 6.6 shows the energy level alignment obtained from VB spectra between PTCDA films and 
differently treated GaAs(100) surfaces. For simplicity the band bending of the substrates is omitted, so 
that the energy level corresponding to the substrates represents that of the substrate surfaces. Note that the 
measured IES ranges from (5.23±0.10) eV for the GaAs(100)-c(4×4), (5.55~5.92±0.10) eV for S-
GaAs(100) to (6.40±0.10) eV for the Se-GaAs(100) surfaces. The energy level of the PTCDA films was 
obtained using the VB spectra of thin (4 ~ 12 nm) PTCDA films in order to prevent any influence due to 
sample charging. The measured IEPTCDA fluctuates slightly from 6.56 to 6.67 eV, probably due to slight 
variations in surface morphologies and molecular orientation [Hil98]. However, the values are still within 
the error of the measurements (± 0.1 eV). EHOMO is found to be in the range of 1.85 ~ 2.04 eV, showing a 


























Figure 6.5. The evolution of the EF position above VBM as a function of PTCDA thickness on 
different GaAs(100) surfaces. 




weak dependence on IES. This indicates that the ability of EF to move within the HOMO-LUMO gap is 
low. A pinning of the Fermi level was also observed for PTCDA/metal interfaces [Hil98]. 
The shaded region in Fig.6.6 shows the possible energy position range for the PTCDA LUMO, with the 
low limit being drawn using the optical HOMO-LUMO gap value of PTCDA (2.2 eV) obtained by the 
energy position of the first peak in the optical absorption spectra of PTCDA films. The upper limit is 
obtained considering an energy difference of 0.6 eV between the optical and transport HOMO-LUMO gap 
of PTCDA, which was estimated from PE and IPE spectra [Hil00]. A strong correlation is found between 
the interface dipole and the relative energy position between ELUMO and ECBM, respectively the electron 
affinities of the PTCDA film (EAPTCDA) and substrates (EAS). EHOMO is always located well below EVBM. 





























































Figure 6.6. Energy level alignment at interfaces of PTCDA on GaAs(100) surfaces with different IES. 
The shaded region represents the possible energy position range of LUMO. The lower and upper limits 
are drawn considering the optical (2.2 eV) and transport (2.8eV) HOMO-LUMO gap of the PTCDA 
films. The transport gap was obtained by adding an energy difference of 0.6 eV between optical and 
transport gap [Hil00].  































Figure 6.7. The interface dipole formed at PTCDA/GaAs(100) interfaces vs. EAS of GaAs(100) 
surfaces. 




below ECBM. The situation is reversed when a negative dipole is formed, as in the case of the PTCDA/Se-
GaAs(100) interface. Consequently, the interface dipole formed at PTCDA/S-GaAs(100) varies from 
positive to negative depending on IES (or EAS). It can therefore be deduced that the formation of the 
interface dipole at PTCDA/GaAs(100) interfaces is possibly driven by the difference in EAS and EAPTCDA 
and that in general the vacuum level alignment rule is not applicable for those interfaces. 
At thermal equilibrium, the number of electrons and holes that are transported across the interfaces should 
be equal. Due to the difference in the EA and IE between substrate surfaces and PTCDA films, each 
electron and hole transported undergoes an energy loss or gain. The net energy loss, therefore, depends on 
the electron and hole concentration that is transported across the interface and the energy difference of 
EAS − EAPTCDA and IES − IEPTCDA. The interface dipole is formed in order to compensate the net energy 
loss. In the case of PTCDA films on n-GaAs(100) surfaces, it is expected that the number of electrons 
transported across the interface is much higher than that of holes and, therefore, EAS − EAPTCDA can be 
proposed to be the determining driving force for the interface dipole formation. 
In Fig.6.7 the interface dipole is presented as a function of EAS. It can be seen that the interface dipole 
formed at PTCDA/GaAs(100) interfaces is linearly dependent on EAS. Using a linear fit, the interface 
dipole is found to be zero at EAS = (4.12±0.10) eV. This value also represents EAPTCDA assuming that the 
formation of the interface dipole is driven by the difference in EAS and EAPTCDA. Using 
EAPTCDA=(4.12±0.10) eV, the energy offset between ECBM and ELUMO at the interfaces can be estimated to 
be (–0.17±0.10) eV for PTCDA/GaAs(100)-c(4×4), (0.05 ~ 0.08±0.10) eV for PTCDA/S-GaAs(100), and 
(0.27±0.10) eV for PTCDA/Se-GaAs(100) interfaces. In addition, assuming that the energy level of the 
PTCDA films extends up to the interfaces without energy shifts we can estimate the HOMO-LUMO gap 
to be in the range of 2.44 ~ 2.55 eV. This value is larger than the optical gap of PTCDA but still smaller 





Figure 6.8 shows VB spectra upon deposition of DiMe-PTCDI on the S-GaAs(100) surface. Again, the 
lowest spectrum corresponds to the S-GaAs(100) surface. As in the case of PTCDA, emission from the 
DiMe-PTCDI film becomes dominant in the spectra as the film thickness increases. The VB spectrum of 
the thick film shows four bands centred at 2.5, 4.4, 6.3 and 8 eV which are labeled A’’, B’’, C’’, and D’’, 
respectively. 
An idea of origin of these four bands can be obtained by comparison of the VB spectra of DiMe-PTCDI 
and PTCDA since there is similarity in the molecular structures and the origin of the VB bands of PTCDA 
is known. The VB spectra of 5 nm films of PTCDA and DiMe-PTCDI on S-GaAs(100) are compared in 
Fig.6.9. For both molecules, features corresponding to HOMO (A’,A’’) appear centred at 2.5 eV, which 
was assigned to emission from C=C in perylene core. Another similarity can be found in a feature at 6.3 
eV (D’, C’’). Most distinct feature for the DiMe-PTCDI film is the appearance of strong bands B’’ and D’’ 
compared with bands B’, C’ and E’ of PTCDA which are not well resolved. In general the spectrum of 




DiMe-PTCDI seems to be a superposition of the spectrum of PTCDA and the strong bands B’’ and D’’ 
that overlap bands B’, C’, and E’ of PTCDA. Hence it can be deduced that the bands B’’ and D’’ originate 
from methylimide group (N-CH3) in the DiMe-PTCDI molecule. 
As in the case of PTCDA on GaAs(100) surfaces, no detectable shift is observed in the energy positions of 
the four VB bands during growth of the DiMe-PTCDI film, indicating the absence of the band bending in 
the organic layer. Meanwhile φ determined from the secondary electron onset position (left panel in 
Fig.6.8) moves towards higher binding energy, due to the formation of the interface dipole at the interface. 
As judged from the spectrum of 10 nm DiMe-PTCDI film, the interface dipole amounts to (0.26±0.05) eV. 
Additional information on growth mode can be obtained from the evolution of φ as a function of the 
thickness of the organic films. This is shown in Fig.6.10. The values of φ for the S-GaAs(100) surfaces are 
(4.69±0.05) and (4.64±0.05) eV. The first noticeable difference between the two species is the magnitude 
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Figure 6.9. Comparison of VB spectra of PTCDA and DiMe-PTCDI films on S-GaAs(100) surfaces 
(hν = 21.22eV). The thickness of both films is 5 nm.  

















































Figure 6.8. VB spectra upon deposition of DiMe-PTCDI on S-GaAs(100) surface (hν = 21.22eV). 
Solid lines are guides for the eye. 




of the interface dipole, which will be discussed later. The next one is the fact that the movement of φ for 
DiMe-PTCDI is marginally slower than that of PTCDA, indicating the slower rate of the formation of a 
complete monolayer. This can be attributed to a weaker interaction of the DiMe-PTCDI molecules with 
the S-GaAs(100) surface than that of PTCDA. It can be interpreted in two ways. First, it is known that the 
imide group in the DiMe-PTCDI molecule is less reactive than the anhydride group in the PTCDA 
molecule. Such difference in reactivity can lead to different interaction between the molecule and the 
substrate surface. Second, due to two terminal CH3 groups in the DiMe-PTCDI molecule, the 
corresponding layer does not show a fully stacking structure. Hence the distance between the π-conjugated 
part of the molecule in first layer and the substrate surface is expected to be longer in the case of DiMe-
PTCDI than PTCDA. The difference in the distance can result in different interaction between the 
molecule and the substrate surface. 
In Fig.6.11, energy level alignment at the interface of 
DiMe-PTCDI on the S-GaAs(100) surface is shown. The 
energy level corresponding to DiMe-PTCDI is obtained 
from the VB spectrum of the 10 nm film. The measured 
IEDiMe-PTCDI fluctuates in a range of 6.36 ~ 6.47 eV from 
sample to sample, due to slightly different morphology of 
the films. IEDiMe-PTCDI  is ~ 0.2 eV lower than IEPTCDA. The 
value of the transport HOMO-LUMO gap of the DiMe-
PTCDI film was not known. However, it is expected to be 
slightly larger than the transport HOMO-LUMO gap of 
PTCDA because the less dense DiMe-PTCDI film will 
lead to higher charge separation energy. Therefore, 
LUMO of DiMe-PTCDI will be located at higher energy 
position than CBM of the S-GaAs(100) surface. 
Accordingly, the downward formation of the interface 


























Figure 6.10. The evolution of φ as a function of organic layer thickness for PTCDA and DiMe-PTCDI 












Figure 6.11. Energy level alignment at 
interface of DiMe-PTCDI on S-GaAs(100) 
surface. 




dipole occurs. Compared with energy level alignment of PTCDA/S-GaAs(100) with similar IES (third 
diagram from the left in Fig.6.6), the lower IEdiMe-PTCDI and the larger charge separation energy of the 
DiMe-PTCDI film lead to lower EADIME-PTCDI. Thus the EA difference is expected to be bigger in the case 
of DiMe-PTCDI/S-GaAs(100) and, accordingly, a larger value of ∆ forms. Therefore, it can be seen that 
the rule of the energy level alignment driven by the difference in EA of the organic film and the substrate 
surface also holds for the interface of DiMe-PTCDI/S-GaAs(100). 
 
 
6.3. NEXAFS of PTCDA and DiMe-PTCDI films on S-
GaAs(100) 
 
The C, N, and O K-edge NEXAFS spectra of 20nm PTCDA and DiMe-PTCDI films grown on S-
GaAs(100) taken at angle of 70o between the incidence photon and the surface normal are shown in 
Fig.6.12. In both cases, the spectra are characterized by sharp structures at low photon energy region due 
to transitions from 1s core level to unoccupied π* orbitals, followed by broad features corresponding to 
transitions to σ* orbitals in continuum states. The adsorption of monolayer as well as multilayer PTCDA 
has been intensively investigated by Umbach et al. using NEXAFS [Tab95,Tau00,Umb96]. By 
comparison of NEXAFS spectra of different perylene derivatives, they assign peak C1 and C2 (C1’ and 
C2’) in C K-edge spectra to transitions from the C atoms in the perylene core into LUMO and LUMO+N 
states, respectively [Tab95]. Transitions involving the carboxylic C atoms contribute to C3 (C3’) in C K-
edge spectra. It should be noted that the position and intensity of C3 is slightly different from those of C3’, 
due to different contributions of anhydride groups and imide groups attached to C atom in carboxylic 









































Figure 6.12. NEXAFS spectra for films of 20 nm PTCDA and DiMe-PTCDI taken at angle of 70o 
between the incidence photon and the surface normal. Solid lines are guides for the eye. 




than that of N. In the O K-edge, several differences are apparent between the spectra corresponding to the 
PTCDA and DiMe-PTCDI films. While the spectra of both films show O1 and O3 (O1’ and O2’), a small 
peak O2 appears only in the spectra of the PTCDA film. The peaks O1 and O1’ arise from excitation of 
four carboxylic O atoms to LUMO. The disappearance of O2 indicates the replacement of anhydride 
group by imide group for the DiMe-PTCDA film. Thus, O2 is unambiguously related to the bridging O 
atom of the anhydride group. It should be mentioned that transitions from O atom in the carboxylic group 
into LUMO+1 also contribute to O2. The energy positions of the two transitions are known to be almost 
equal [Tab95]. For the DiMe-PTCDI film, three peaks (N1’,N2’,N3’) appear in the N K-edge spectra due 
to transitions from N atoms in the imide group. 
The most evident feature in the C, N, and O K-edge spectra is a strong decrease of the observed intensities 
in the π* resonances when the angle of incidence photon with respect to the surface normal is changed 
from grazing (70o) to normal (0o) incidence. This polarization dependence indicates that the PTCDA 
molecules in the films are oriented in such a way that molecular plane lie parallel to the S-GaAs(100) 
surface. PTCDA on chalcogen (S or Se) passivated GaAs(100) is known to grow in a two dimensionally 
ordered manner with good crystallinity up to 1000 monolayers [Hir94b,Park00,Par00b]. The improvement 
of the crystallinity is attributed to the termination of the chemically active sites by chalcogen atoms and to 
the smoothness of the chalcogen passivated surfaces. In order to compare the angular dependence between 
the PTCDA and DiMe-PTCDI films, the O K-edge spectra were used because the methyl groups (-CH3) 
attached in the DiMe-PTCDI additionally contribute to σ* resonances in the C K-edge spectra. Fig.6.13 
presents the intensity of the peak O1 (O1’) divided by that taken at 0o, after normalized by the peak O3 
(O2’). The result indicates that there is a very similar angular dependence for both PTCDA and DiMe-
PTCDI films. 
At a glance, the molecular orientation of the DiMe-PTCDA molecules in the film is similar to that of the 
PTCDA film. However, care should be taken when evaluating the molecular orientation of the DiMe-
PTCDI molecules using NEXAFS. In contrast to the herring-bone structure of the PTCDA molecules 
where the angle between the two molecules in a unit cell is almost 90o, all the DiMe-PTCDI molecules in 
a unit cell align in the same direction. In this case, depending on directions of the DiMe-PTCDI molecular 
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Figure 6.13. Normalized intensity of peak O1 as a function of the angle between the incidence photon
and the surface normal. Solid lines are guides for the eye. 




plane and polarized incidence light, the angular dependence of the molecules whose molecular plane lies 
vertical to the substrate surface can show a similar behaviour to that of the flat-lying molecules. In fact, 
one of the NEXAFS results for the DiMe-PTCDI film reveals a reversed angular dependence, namely 
higher intensity of π* resonance peaks at lower angles between the incidence light and the substrate 
surface normal. The infrared and ellipsometry results measured ex situ also show that the DiMe-PTCDI 
molecules are highly oriented in such a way that the molecular plane lies vertical to the substrate surface. 
In order to reveal the exact molecular orientation of the DiMe-PTCDI film, a further investigation should 
be done, combining with azimuthal angular dependence measurements of NEXAFS. 






Ultrathin organic interlayer in Mg/Se-
GaAs(100) Schottky contacts 
 
 
In chap.6, it is found that upon deposition of PTCDA the inhomogeneous band bending of GaAs(100) 
surfaces is reduced by a preferential adsorption of PTCDA molecules on dopant and/or defect sites. Thus, 
organic molecules can be used as a probe of inorganic semiconductor surface properties such as defects 
via high resolution photoemission study. In this chapter, less than a monolayer coverage of PTCDA was 
introduced between Mg and Se-GaAs(100). By comparison of core level and VB spectra with and without 
the PTCDA interlayer, we will show that organic molecules are also useful for the study of a transient 
behaviour during the formation of Schottky contacts. 
 
7.1. Chemical properties 
 
As is observed in Fig.6.2, deposition of 0.1 nm PTCDA on the Se-GaAs(100) surface results in a 
sharpening of the Se3d core level spectra. This can be explained by a preferential adsorption of PTCDA 
molecules on defect sites, leading to a reduction in the inhomogeneous pinning of the Fermi level [Par00]. 
As a result, it is expected that PTCDA molecules on the surface are randomly distributed at defect sites 
and that a rather high portion of Se dimers is still exposed to the surface.  
Thereafter, Mg was deposited onto this PTCDA treated surface with increasing coverage up to 5 nm. The 
core level spectra of Se3d, Mg2p, As3d, and Ga3d are presented in Fig.7.1. Upon 0.03 nm Mg deposition, 
dramatic changes are observed in the Se3d core level spectrum while changes in Ga3d and As3d core level 
spectra are much less pronounced. The two components still found in the Se3d core level spectra shift 
towards higher binding energy accompanied by a broadening of the spectra, thus indicating a chemical 
reaction between Mg and Se. Even though only two components are sufficient for curve fitting, it is likely 
that there are more than two different chemical Se environments due to the reaction. Clearly, Se atoms are 
most probably involved in the reaction since they occupy the topmost substrate layer. A feature from the 
emission of the Mg2p core level referred to as Mg1 appears at a binding energy of (51.14±0.05) eV. It is 
broadened upon further Mg deposition, indicating again more than one chemical environment for Mg 
atoms. 




Further Mg deposition then has a strong influence on the Ga3d core level emission. In the Ga3d spectrum 
at 0.2 nm Mg deposition the intensity of Ga3 and Ga4 decreases relative to Ga1. Instead, two new 
components (Ga5 and Ga6) occur at the lower binding energy side, which are shifted by (0.58±0.05) and 
(0.91±0.05) eV, respectively, towards lower binding energy with respect to Ga1. Ga6 is assigned to 
metallic Ga in good agreement with earlier investigations, where a component in the Ga3d core level 
spectrum shifted by 0.9 eV relative to the bulk component was attributed to Ga metallic clusters [Lel91]. 
Ga5 can be assigned to Ga atoms in intermediate states to the metallic Ga, since the intensity of Ga5 
gradually decreases with respect to metallic Ga6 upon further Mg deposition and finally only Ga6 
survives. The Se3d core level shifts further towards higher binding energy and it shows only one 
component at a binding energy of (54.70±0.05) eV at 5 nm Mg deposition. Since the evolution of the 
integrated area of core levels as a function of Mg deposition shows the lowest attenuation for Se3d core 
level and the energy difference (~ 3.1 eV) between Se3d and Mg2p core level is similar to that measured 
for a bulk MgSe (~ 3.3 eV) [Wan94], it is concluded that Se atoms are most likely to be bound to Mg. The 
slight difference could be due to the existence of more than one component of Mg. Therefore, Se3 can be 
assigned to Se atoms in a MgSe-like environment. The As3d core level at higher Mg coverage shows a 
new component (As2), which is attributed to As atoms neighbouring GaAs bulk. Summarizing, strong 
interaction occurs between Mg atoms and Se-GaAs(100) resulting in the formation of MgSe-like 
compound. The intermixing is confined to the surface components only, i.e. the Se modified part of GaAs. 
The evolution of the core level spectra as a function of the Mg coverage is very similar to those of Mg/Se-
GaAs(100) or Mg/S-GaAs(100) Schottky contacts without PTCDA interlayer [Hoh98]. However, a 
marked difference occurs for the Mg2p core level spectra at higher Mg coverage (Fig.7.2). Namely, the 
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Figure 7.1. The evolution of Se3d, Mg2p, As3d and Ga3d core level spectra as a function of Mg 
thickness on PTCDA(0.1nm)/Se-GaAs(100). 




appearance of the peak corresponding to metallic Mg is delayed in the presence of PTCDA molecules. In 
the Mg2p core level spectra, a second feature (Mg2) appears as a shoulder at lower binding energy relative 
to Mg1 after about 1.6 nm Mg deposition (Fig.7.1). This feature increases upon further Mg deposition and 
is assigned to metallic Mg. In the absence of the PTCDA interlayer, however, a much stronger metallic 
feature is observed at a lower coverage of 1 nm. This clearly indicates that a part of the Mg atoms also 
reacts with PTCDA molecules. Most probably this may occur via the oxygen atoms in the dianhydride 
groups of PTCDA. This is further discussed considering valence band spectra. 
Figure 7.3 shows the VB spectra upon Mg deposition on Se-GaAs(100) in the presence and absence of 0.1 
nm PTCDA. For comparison, VB spectra for a thick PTCDA film and MgO are included in the uppermost 
spectra. The lowest spectrum in Fig.7.3(a) corresponds to that of Se-GaAs(100). The change in valence 
band spectra upon Mg deposition on Se-GaAs(100) can be characterized by two features labelled A and C. 
Upon Mg deposition, feature A shifts towards higher binding energy while feature C does not change its 
binding energy position. Both features are observed at thick Mg coverage. In connection with the core 
level spectra, the change in features A and C is explained by the strong intermixing between Mg atoms 
and the Se-passivated surfaces resulting in the formation of MgSe. In the valence band spectrum for 0.1 
nm PTCDA on Se-GaAs(100) emission from PTCDA molecular orbitals is negligible. Features 
corresponding to the substrates are, however, slightly damped, in agreement with the PTCDA coverage 
being in the submonolayer regime. However, such a small amount of PTCDA interlayer induces a strong 
change in the VB spectra upon Mg deposition. While the shift in the feature A is still observed in the 
presence of PTCDA, a new feature (D) appears at a binding energy of ~ 6 eV. The identical shift of A to 
that in Fig.7.3(a) accounts for the intermixing and the formation of MgSe. By comparison with the valence 
band spectra corresponding to MgO [Kan99], the new feature D reveals the formation of MgO. This 
formation of MgO is again consistent with the delay of the appearance of metallic Mg2 component in the 
Mg2p core level spectra. More interestingly, D increases strongly between 0.8 and 1.6 nm and begins to 
decline after showing a maximum at 1.6 nm. This 1.6 nm is the thickness where the metallic Mg2 
component in the Mg2p core level spectra first appears. Summarizing the chemistry of the interface, the 
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Figure 7.2. Comparison of Se3d and Mg2p core level spectra in the presence and absence of PTCDA
interlayer. 




formation of MgSe preferentially occurs in the initial stage of Mg deposition, followed by the reaction 
between Mg and PTCDA before the appearance of metallic Mg. As a result, the PTCDA molecules mostly 
remain at the intermixed interface region below metallic Mg. 
 
 
7.2. Electronic properties 
 
The electronic properties of the interface between Mg and Se-GaAs(100) with a very thin PTCDA 
interlayer can be derived from the position of EF of the surface relative to VBM, which is measured based 
on core level shifts. After the determination of the energy distance between EF and VBM for the clean 
GaAs surface, the evolution of EF is monitored by the binding energy shifts of the Ga 3d and As 3d bulk 
components. The evolution as a function of Mg coverage is presented in Fig.7.4. Upon Se treatment, the 
EF position moves to (0.95±0.10) eV above VBM in good agreement with the previous results [Hoh98b]. 














































Figure 7.3. VB spectra of (a) Mg/Se-GaAs(100), (b) Mg/PTCDA(0.1nm)/Se-GaAs(100) as a function 
of Mg thickness and (c) MgO [Kan99] and 4nm PTCDA (hν = 24 eV).  




The 0.1 nm PTCDA deposition does not change the EF position which also agrees well with our previous 
study of PTCDA growth on Se-GaAs(100) [Par00b]. In the initial phase of Mg coverage, the EF position 
strongly moves towards CBM in the absence of PTCDA interlayer. For further Mg deposition, it rapidly 
shifts back towards the VBM and reaches the final value of 0.6 eV beyond a Mg coverage of 0.3 nm, the 
thickness where the metallic Mg2 component is first observed. The same behaviour was also observed at 
low Mg coverage for Mg/S-GaAs(100) [Hoh98]. This is attributed to the ‘adsorbate induced surface 
states’ within the bandgap of Se-passivated GaAs(100), which are often observed when adsorbates are 
sparsely distributed on the semiconductor surface [Mön93]. In the presence of a very thin PTCDA 
interlayer, however, the overshoot due to the Mg induced surface states does not occur. It is surprising 
because identical changes are observed in the core level and valence band spectra at low Mg coverage and 
PTCDA covers only a small part of the surface. Therefore, the similar localised states are expected to form 
at low Mg coverage. Since the initial adsorption of PTCDA predominantly takes place at defect sites, it 
may be suggested that the Mg induced surface states are possibly caused by the reaction between Mg and 
defects on Se-GaAs(100) surfaces and that the coverage of such sites by PTCDA prevents the Mg induced 
surface states. 
The change in EF position upon further Mg deposition is also different in the presence of a PTCDA 
interlayer. The movement of the EF position towards VBM is much slower than that without PTCDA 
interlayer. It reaches the identical final value of 0.6 eV after 8 nm. In both cases, the point where the final 
EF position is obtained coincides with the appearance of the metallic Mg feature. Therefore, the slow 
movement of EF position can be attributed to the delay of the appearance of the metallic Mg feature 
resulting from the reaction between Mg atoms and PTCDA (formation of MgO). Finally, even though a 
thin PTCDA interlayer has negligible influence on the electronic properties of the Schottky contact at 
large Mg coverage, it still affects the transient region during the formation of the interface. This implies 
the possibility that organic molecules can be used for the investigation of transient interface properties 
during the formation of Schottky contacts. 



























Figure 7.4. The evolution of the EF position above VBM as a function of Mg thickness. The GaAs 
substrate used is n-type. The value for Mg/GaAs is also included [Wal84]. 









The injection of carriers into organic semiconductors is a key to the operation of organic based devices, 
which is determined by electronic and chemical properties at the metal/organic interfaces. In many cases, 
the carrier injecting electrodes form by evaporating metals on organic layer. It should be noted that these 
metal-on-organic interfaces are different from organic-on-metal interfaces in that metallization chemistry 
and interdiffusion can occur [Hir96,Hir96b,Hir97]. The metal/organic interface properties strongly depend 
on the type of metal used. In this study, various metals are selected to investigate metal/organic interfaces. 
Ag, In, and Cs were deposited on PTCDA and DiMe-PTCDI films on the S-GaAs(100) surfaces. It is 
known that Ag forms an abrupt, unreacted interface with PTCDA while heavily oxidized In species are 
produced upon deposition of In on PTCDA [Hir96,Hir96b,Hir97], resulting in new states in the HOMO-
LUMO gap of the PTCDA. For In/PTCDA interfaces, Azuma et al. and Kera et al. claimed the formation 
of a covalently reacted product In4PTCDA, where the chemical reaction is assumed to take place at the 
carboxylic group of the PTCDA molecule [Azu00,Ker01]. Their Molecular Orbital calculation of the 
In4PTCDA explained well the VB spectra and metastable atomic spectra taken upon In deposition on 
PTCDA. Cs deposition on PTCDA is also known to produce gap states, observed in the VB spectra by 
Ertl et al. [Ert01]. However, their MO calculation shows that even without covalent bond between Cs and 
PTCDA the charge transfer can occur through O atoms in the anhydride and the carboxylic group. As 
such, it is still under debate whether and where in the molecules a chemical reaction occurs at 
metal/PTCDA interfaces.  
The first part of this chapter will show results of VB spectra. The formation of gap states due to the charge 
transfer between two species, the morphology of the metal layers, and interface electronic structures will 
be discussed. In the second part, NEXAFS spectra will be shown and the possibility of covalent bonds 
between metals and organics will be discussed. 
 
8.1. Valence band spectra 
 
8.1.1. Ag/PTCDA and Ag/DiMe-PTCDI 
Figure 8.1 shows VB spectra taken upon deposition of Ag on 10 nm films of PTCDA and DiMe-PTCDI. 
Lowest spectra in Fig.8.1(a) and (b) correspond to those of bare PTCDA and DiMe-PTCDI films, 




respectively. Five bands (A’, B’, C’, D’, and E’) are distinguished in the spectrum of PTCDA while the 
DiMe-PTCDI spectrum of shows four bands (A’’, B’’, C’’, D’’). Assignment of those bands can be found 
in Chap.6. At low Ag thickness below ~ 1 nm, all features corresponding to the PTCDA and DiMe-PTCDI 
films can be seen, with their lineshapes and energy position remaining unchanged. This indicates no 
charge transfer between Ag and the organic molecules. This is in agreement with the results by Hirose et 
al., where upon Ag deposition on the PTCDA film C1s core level spectra retain their original shapes up to 
4 nm [Hir96]. Band bending in both organic films is negligible, as is evidenced by an absence of energy 












































































































Figure 8.1. VB spectra as a function of Ag thickness on (a) 10 nm PTCDA and (b) 10 nm DiMe-
PTCDI films. (hν = 21.22 eV). Solid lines are guides for the eye. 




shifts. In addition, two small features that originate from the emission of Ag appear in the HOMO-LUMO 
gap of the organic films (R1’,R2’ and R1’’,R2’’). The energy positions of those features are ~ 0.5 and 1.7 
eV. However, the Fermi edge from metallic Ag is not clearly visible in this thickness range, indicating that 
clustering Ag atoms does not occur due to the diffusion into the organic layer. 
Upon further Ag deposition the new features in the HOMO-LUMO gap become stronger and the emission 
from Ag4d band appears between 4 ~ 7.5 eV while all the bands corresponding to the organic films 
become attenuated. The Fermi edge becomes visible above 2 nm. The R1’ and R2’ (R1’’ and R2’’) bands 
cannot be ascribed to organic-induced features since the intensity increases with the thickness of the Ag 
layer up to ~ 5 nm. This indicates that they stem from emission from the volume of the Ag atoms. Most 
probably those two bands are related to the morphology of the Ag films. The origin of the two bands is 
still unknown.  

















Figure 8.3. XRD spectra of 50 nm Ag films on the 10 nm PTCDA and DiMe-PTCDI films. 
























Figure 8.2. Comparison of VB spectra of different Ag (hν = 24 eV), from the lower spectrum 
polycrystalline Ag(111) film on Si(111), 2 nm Ag film on S-GaAs(100), and 50 nm Ag films on 
PTCDA and DiMe-PTCDI.  




surface morphology, and whether or not there is an adsorbate on the surface [Sek00]. The VB spectra of 
50 nm Ag on the PTCDA and DiMe-PTCDI films are compared with those of Ag(111) and Ag on S-
GaAs(100), which are shown in Fig.8.2. At least four sub-bands can be distinguished in the Ag4d band, 
which agrees well with the band structure calculation from Eckardt et al. [Eck84]. In general, the VB 
spectra of the Ag films on the two organic films look similar to the Ag film on S-GaAs(100). However, 
the relative intensities between the sub-bands are different and a small band appears at lower binding 
energy side of the Ag4d band. This indicates different crystalline structures between Ag films on PTCDA 
and DiMe-PTCDI. Additional x-ray diffraction (XRD) experiments on the samples (Fig.8.3) reveal two 
peaks corresponding to (111) and (200) directions, with relative intensity between the two peaks being 
different depending on the organic films. The (111) peak is much stronger for Ag/PTCDA than Ag/DiMe-
PTCDI while the (200) peak intensities are similar in both cases. Thus, it can be seen that the crystalline 
structures of Ag films are strongly affected by the morphology of the underlying organic films, such as 
crystalline structure, degree of packing, and disorder.  
The evolution of φ is shown in Fig.8.4 as a function of the thickness of Ag. The values for the single 
Ag(111) crystal and the polycrystalline Ag films are included [Dwe73,Dwe75]. Before Ag deposition, the 
φ values of PTCDA and DiMe-PTCDI are (4.56±0.05) and (4.38±0.05) eV, respectively. Upon deposition 
of Ag on PTCDA, a slight decrease of φ is observed up to 1 nm and, then, φ begins to increase gradually to 
reach a final value of (4.61±0.05) eV. On the other hand, φ does not change over all Ag deposition on 
DiMe-PTCDI. The difference in φ for thick Ag films on PTCDA and DiMe-PTCDI can be understood by 
comparison with the φ values of Ag with different crystalline structures. The φ value of the Ag film on 
PTCDA is closer to the value corresponding to a single Ag(111) crystal. This agrees very well with the 
observation of a stronger (111) peak in the XRD experiment. 
The combined results of the XRD and and PES experiments indicates two important meanings on the 
growth of metals on organic substrates. First, the crystallinity of the grown metal films strongly depends 
on the underlying organic films and better crystalline metal films can be grown on the better crystalline 
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Figure 8.4. The evolution of φ as a function of Ag thickness deposited on 10 nm films of PTCDA and 
DiMe-PTCDI. For comparison values of φ for the polycrystalline Ag film [Dwe75] and single 
crystalline Ag(111) [Dwe73] are included. Solid lines are guides for the eye. 




organic films. Second, in order to interpret or predict electrical properties for organic electronics, the work 
function values that were obtained for another systems can not be used.  
Another interesting point to mention is a transient behavior of φ at low Ag coverage. Since at low metal 
coverage it is expected that metal atoms diffuse into the underlying organic film and negligible metal 
clusters are formed, φ represents the influence of the metal atoms on the organic films. The metal atoms 
can influence electronic properties of the organic films in two ways. First, in the presence of any charge 
transfer, whether or not the formation of covalent bonds, the energy levels of the organic film close to the 
surface will change according to the amount of charge transferred from or to the molecules. Second, even 
if there is no charge transfer, metal atoms between organic molecules in the film can disturb the crystalline 
structure of the organic layer and, consequently, change the polarization energy which is defined as the 
energy difference of IE (EA) between the isolated molecules and the film. This effect also leads to change 
in the energy levels. In the case of Ag atoms in PTCDA and DiMe-PTCDI, where there is no charge 
transfer between Ag atoms and the organic molecules, only the change in polarization energies can affect 
φ. Hence, the slight decrease in φ at low Ag coverage on PTCDA can be explained by a disturbance of the 
crystalline structures, followed by the change in polarization energy. The crystalline structure of the 
DiMe-PTCDI film appears to be less affected upon Ag deposition. This is because the crystal quality of 
the DiMe-PTCDI film is rather poor [Häd86] and the existence of the CH3 groups may allow space for 
metal atoms to stay without disturbing the crystalline structure. 
 
8.1.2. In/PTCDA and In/DiMe-PTCDI 
In Fig.8.5 VB spectra during deposition of In on 20 nm films of PTCDA and DiMe-PTCDI are shown. 
Lowest spectra in Fig.8.5(a) and (b) correspond to those of bare PTCDA and DiMe-PTCDI films, 
respectively. Unlike Ag, the deposition of the smallest amount of In (0.1 nm for PTCDA and 0.05 nm for 
DiMe-PTCDI) changes the spectra significantly, namely, the appearance of two new features (R3’,R4’ and 
R3’’, R4’’) in the HOMO-LUMO gap of the organic films and strong energy shifts are observed in the 
low kinetic energy onset position as well as bands A’’ and B’’ of DiMe-PTCDI. It is difficult to determine 
the energy shifts of bands corresponding to the PTCDA film because even at 0.1 nm In thickness they are 
not visible any more. However, for In/DiMe-PTCDI, the shifts of A’’ and B’’ towards higher binding 
energy are unambiguous and the band B’’ is visible up to 50 nm In thickness. The new features in the gap 
are different from those which appear upon Ag deposition (R1’,R2’ and R1’’,R2’’ in Fig.8.1) in that they 
are pronounced even at low In thickness. Those features can be attributed to the gap states induced by the 
deposition of metals on organic surfaces, as was also observed by Hirose et al. for metals of In, Sn, Al, and 
Ti on PTCDA [Hir96]. A large number of metal atoms diffused into the organic films are in a bound state 
with the molecules and give rise to large densities of gap states easily detectable via PES [Hil98]. Whether 
the bound state is related to a formation of covalent bonds will be discussed in Chap.8.2. 
Taking a close look at the spectra (Fig.8.5), the development of the gap states is slightly different for the 
two organic materials. Fig.8.6 shows the evolution of the intensities of gap states, R3’ and R3’’, as a 
function of In thickness. Both R3’ and R3’’ increase in intensity strongly upon In deposition and reach the 
maximum at the similar In thickness of 0.3 and 0.2 nm, respectively. The intensities of both states at the 
maximum are the same. Then, the intensities decrease upon further In deposition, but at different rates for 
the two molecules. The gap states are still observed up to 50 nm In deposition. Kera et al. observed similar 




intensity evolution of the gap states for In deposition on one monolayer PTCDA and attribute it to the 
formation of In islands, which was confirmed by scanning electron microscopy after deposition of thick In 
[Ker01]. Thus, the difference in the intensity evolution of the gap states between PTCDA and DiMe-
PTCDI can be attributed to different rates of the formation of In islands. This result also indicates that the 
morphology of the In layer depends on the underlying organic materials. 
















































































































Figure 8.5. VB spectra as a function of In thickness on (a) 10 nm PTCDA and (b) 10 nm DiMe-PTCDI 
films. (hν = 21.22 eV). Solid lines are guides for the eye. 




The XRD measurements for the 50 nm In film on PTCDA and DiMe-PTCDI (Fig.8.7) also show different 
morphology. For the In film on PTCDA three peaks corresponding to the (101), (002), (110) 
crystallographic directions are revealed, while the only (101) and (002) peaks are visible for In on DiMe-
PTCDI. The intensity of the (101) peak is found to be much stronger for In/PTCDA. Considering also the 
stronger (111) diffraction peak for Ag/PTCDA than that for Ag/DiMe-PTCDI, it can be concluded that 
metal films on PTCDA have higher crystallinity than on DiMe-PTCDI. 
The evolution of φ is shown in Fig.8.8 as a function of In thickness on 10 nm films of PTCDA and DiMe-
PTCDI. A very steep decrease in φ at low In thickness was observed for both molecules, followed by a 
gradual increase up to final values. As in the case of Ag, the different final values of φ can be attributed to 
different crystalline structure and crystallinity of the In layers. The differences between φ of the bare 
organic films and the minimum φ at low In thickness are (0.40±0.10) and (0.55±0.10) eV for In/PTCDA 


















Figure 8.7. XRD spectra of 50 nm In films on the 10 nm PTCDA and DiMe-PTCDI films. 
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Figure 8.6. The evolution of intensities corresponding to gap states R3’ and R3’’ as a function of In 
thickness deposited on 10 nm films of PTCDA and DiMe-PTCDI. Solid lines are guides for the eye. 




PTCDI. In case of In, a charge transfer between In atoms and organic molecules is apparent and the charge 
transfer contributes most of the change in φ, rather than due to the change in the polarization separation 
energy. The φ change also implies the amount of charge transferred to or from the organic molecules. Our 
result tells that there is more charge transfer between In and DiMe-PTCDI than between In and PTCDA, 
which is in agreement with the observation from NEXAFS spectra. This will be discussed later in this 
chapter. 
Before drawing the energy level diagram for In/DiMe-PTCDI, the energy shift of features corresponding 
to the organic film should be examined. It is in general very difficult because emission from the metal 
screens features of the underlying organic molecules. However, the N-CH3 induced band B’’ of the DiMe-
PTCDI is still visible up to 50 nm In thickness, which may be due to the fact that the N-CH3 group is inert 
 
























































Figure 8.9. Comparison of the evolution of φ and the binding energy corresponding to the band B’’ 
during deposition of In on DiMe-PTCDI. 

























In thickness / nm  
Figure 8.8. The evolution of φ as a function of In thickness deposited on 10 nm films of PTCDA and 
DiMe-PTCDI. For comparison the value of φ for the polycrystalline Ag film [Pei71] is included. Solid 
lines are guides for the eye. 




from the charge transfer. In this case the energy shift 
corresponding to the organic film can be traced. In Fig.8.9 
the binding energy of the band B’’ is shown as a function of 
In thickness and is compared with the change in φ. A very 
close similarity is found in the evolution of the binding 
energy shift of the band B’’ and φ, especially in the region of 
low In thickness. Assuming that the energy position of the 
HOMO band (A’) follows the same evolution, IE of the 
DiMe-PTCDI films does not change upon the charge 
transfer. It is likely that the charge transfer results in the 
energy level shift of the LUMO band, not the HOMO, and 
the EF position in the gap. 
The energy level diagram at interface formed upon 
deposition of In on the DiMe-PTCDI is shown in Fig.8.10. 
The model is based on the formation of a relatively thick 
intermixed layer that is composed of charged molecules. Hence, two interface dipoles appear at interfaces 
of intermixed region/DiMe-PTCDI and In/intermixed region. For In deposition on PTCDA, even though 
the energy level shift of features corresponding to PTCDA is not known, it is expected that the same 
principle can be applied in order to draw the interface electronic structure. 
 
 
8.2. NEXAFS spectra 
 
8.2.1. Ag, Cs, and In on PTCDA 
The evaporation of metals on the PTCDA films generally results in an increase of the background in the 
unnormalized spectra. At low metal thickness features corresponding to the PTCDA film are still 
dominant. Even though the metal thickness becomes close to the information depth of total yield mode (~ 
5nm) the features of PTCDA are still distinguishable. 
The NEXAFS spectra for 0.7nm Ag deposition on a 20nm PTCDA film are shown in Fig.8.11(b) and 
Fig.8.12(b). As expected, the lineshapes, relative intensities, as well as the angular dependence of the 
spectra do not change. Even further Ag deposition does not change the situation. This indicates the 
formation of unreactive Ag/PTCDA interfaces, which is in good agreement with the PES results. 
The situation is different when Cs and In are evaporated on the PTCDA film. The results are shown in 
Fig.8.11(c)-(f) and Fig.8.12(c)-(f) for C and O K-edge, respectively. Changes in the spectra are apparent in 
the spectra taken at 70o, indicating that predominantly transitions to π* orbitals are influenced by the metal 
deposition. Upon deposition of 0.03 nm Cs all the π* resonance peaks become broadened, the intensity of 
C1 and C2 corresponding to transitions from the atoms in the perylene core decreases, and the energy 
position of C3 shifts towards higher photon energy. Such changes clearly indicate that charge transfer 











Figure 8.10. Energy level diagram at
interface of In on DiMe-PTCDI. Shaded
region indicates intermixed layer
between two species. 




decrease of C1, shifts in the energy position of C2 in the C K-edge spectra and O1 in the O-K-edge spectra 
are observed. The energy shifts for C2 and O1 are (−0.5±0.2) and (0.7±0.2) eV, respectively, with respect 
to those for the bare PTCDA film. The spectra taken at 0o are less affected by the Cs deposition. However, 
the peaks C1 and O1 seem to increase slightly in intensity, which is an indication of the molecules 
becoming disordered due to the Cs deposition.  
More dramatic changes are observed when In is deposited on the PTCDA film. Upon 0.3 nm In 
deposition, the peak C1 completely disappears and a decrease in intensity and a broadening of the width 
for C2 are observed. The energy shift of C2 is (-0.5±0.2) eV. The intensity of C3 from the C atoms in the 
anhydride group also seems to decrease but at a much lower rate than C1 and C2. In the O K-edge spectra, 
a considerable decrease in the intensity of O1 is observed, together with an energy shift by (0.7±0.2) eV. 
The change of O2 is negligible. Further deposition of In does not change the spectra and it seems that the 
changes are almost complete upon 0.3 nm In deposition. Due to difficulties in normalization, the spectra 
of 5 nm In deposition cannot quantitatively be compared with the others. However, all the features 
corresponding to transitions to π* orbitals can clearly be observed up to 5 nm In deposition. This can be 
due to two reasons, first, a strong diffusion of In atoms into the PTCDA layer and, second, the formation 
of In islands [Hir96,Hir97,Ker01]. 
In general, the degree of the charge transfer between the metals and the PTCDA molecules is in the order 
of Ag (negligible) < Cs < In, and the spectral changes can be understood according to the rate of the 
charge transfer. 
There are different possible reasons for the change in the π* structures. One of the reasons could be a 
disturbance of the molecular orientation upon Cs and In deposition. In this case the decrease of the 
intensity corresponding to π* structures at 70o grazing angle should be accompanied by the increase of the 
feature at 0o, following cos2θ. Disorder of the topmost organic layer seems to exist, as was observed in the 



































Figure 8.11. C K-edge NEXAFS spectra at two different (0o and 70o) angles between the incidence 
photon and the surface normal for (a) PTCDA film of 20 nm thickness, (b) 0.7 nm Ag, (c), (d) 0.03
and 0.5 nm Cs, and (e), (f) 0.3 and 0.7 nm In on 20 nm PTCDA films. Solid lines are guides for the
eye.  




because the amount of changes at 0o and 70o are very different. Moreover, it does not account for the shifts 
in energy position. Alternatively, charge transfer between the metals and PTCDA molecule with a 
covalent bond formation could be considered. Considering a reaction of Cs or In with the O atoms in the 
carboxylic group that was proposed by Kera et al. [Ker01], due to functional-group-specific character of 
NEXAFS it is expected that π* resonance peaks corresponding to C=O disappear and new features due to 
the formation of C-O-metal occur at higher photon energies in the region of σ* resonances. A strong 
energy shift (~ 2 eV) of LUMO orbitals between PTCDA and In4PTCDA is also demonstrated in the MO 
calculation [Ker01]. Such change, however, is not observed in the NEXAFS spectra. The energy shifts 
observed in the C2 and O1 peaks cannot be explained by emission from the σ* resonances because the 
shifts are small. According to the model of the In4PTCDA formation, the remaining features 
corresponding to the π* resonances should arise from unreacted PTCDA molecules. In comparison with 
the intensities of C2 and O1 before and after In deposition the portion of unreacted PTCDA molecules can 
be estimated to be ~ 50 %. This is too high to be explained by an inhomogeneous reaction. In addition, if a 
formation of In4PTCDA would occur C1 in the C K-edge spectra should not be affected. This is not the 
case. The residual feature of C1 is only observed in the spectrum for extreme low thickness (0.03 nm) of 
Cs deposition. In addition, considering the electronegativity difference between the metals (XCs=0.79, 
XIn=1.78) and the atoms comprising the PTCDA molecule (XC=2.55, XO=3.44), a larger amount of charge 
transfer should occur between Cs and PTCDA rather than between In and PTCDA. Moreover, since the 
possibility of the reaction with PTCDA molecules at the surface is higher than that with deeper lying 
molecules, a further decrease in intensity is expected at an In thickness close to the electron escape depth. 
Therefore, the model of coexistence of PTCDA and In4PTCDA can be excluded. Considering the change 
in the C K-edge spectra the reaction occurs throughout the PTCDA molecule but it is hard to believe that 
the reaction can occur in a stable perylene core without breaking the whole molecule. This indicates that 


































Figure 8.12. O K-edge NEXAFS spectra at two different (0o and 70o) angles between the incidence 
photon and the surface normal for (a) PTCDA film of 20 nm thickness, (b) 0.7 nm Ag, (c), (d) 0.03 
and 0.5 nm Cs, and (e), (f) 0.3 and 0.7 nm In on 20 nm PTCDA films. Solid lines are guides for the 
eye. 




corresponding molecular sites. Even though a further calculation of the C and O K-edge spectra is needed 
in order to understand the contribution of each molecular orbital, the element and functional-group 
analysis of the NEXAFS spectra reveals that it is unlikely that the charge transfer between In and PTCDA 
is accompanied by the formation of covalent bonds, which is in contrast to the previous results 
[Azu00,Ker01]. 
Our interpretation is as follows. Without covalent bonds a charge transfer occurs between metal and 
PTCDA molecules. This forms an ionic PTCDA molecular state, most probably an anionic state, because 
both Cs and In are prone to be in a cationic state. Wherever in the molecule the charge transfer occurs, the 
charge should be redistributed over the molecules. Since, as in the case of the HOMO feature in the VB 
spectra, the low lying π* orbitals are most susceptible to any charge redistribution, pronounced changes in 
the spectra occur in peaks corresponding to transitions to the π* orbitals. The interpretation can be 
supported considering a reaction of In with a π-electron molecule such as benzene and cyclohexane in a 
solvent phase [Els93], which forms organometallic-complexes, resulting in an In+ or In3+ state. Cationic In 
is bound to overall π electron system of the ring, not to form a covalent bond at a certain molecular site. 
The charge redistribution will also change other properties in the molecule such as bond strength, as was 
shown by Khatkale et al. from the calculation of force constants for neutral, mono-, di-, and trionic TCNQ 
molecules [Kha79]. They showed that a considerable decrease in the bond strength is observed for the 
most susceptible parts in the molecule to any change in charge, i.e. the C≡N and C=C bonds. Here, the 
decrease in the bond strength means that the unsaturated bonds contain partially single bond character. 
The bond strength is found to decrease with increasing the amount of charge added to the molecule. Such 
a decrease in the bond strength is also expected for the C=C and C=O bonds in the anionic PTCDA and 
gaining a single bond character in C=O seems to result in both the intensity decrease and the higher 
energy shift of O1. From this explanation, the difference in the amount of charge transfer between Cs and 
In deposition on the PTCDA films can be explained by the different number of valence electrons in Cs and 
In. The valence electrons of Cs and In are 1 and 3, respectively, and therefore more charge transfer is 
expected between In and PTCDA. 
 
8.2.2. Ag, Cs, and In on DiMe-PTCDI 
The C, N, and O K-edge NEXAFS spectra of the 20 nm DiMe-PTCDI film and after deposition of Ag, Cs, 
and In on the films are shown in Fig.8.13, 14, and 15, respectively. The spectra were measured at two 
different angles (0o and 70o) between the incidence photon beam and the surface normal. The NEXAFS 
results upon deposition of metals on the DiMe-PTCDI films can also be explained in the same way as in 
the case of PTCDA, namely the formation of anionic organic molecules due to the charge transfer, 
followed by a redistribution of charge and changes in the bonding properties. Here, focus will be made on 
the difference between the PTCDA and DiMe-PTCDI upon the metal deposition. 
As in the case of PTCDA, deposition of Ag on the DiMe-PTCDI film does not change the lineshape, 
relative intensity, and the angular dependence of the C, N, and O K-edge spectra. This again indicates the 
formation of intact Ag/DiMe-PTCDI interfaces. The spectral changes in C and O K-edges upon Cs and In 
deposition are similar between PTCDA and DiMe-PTCDI, i.e. the intensities of the peaks C1’, C2, and O1 
decreases, the position of O1’ shifts towards higher energy. The change in the lineshape of the N K-edge 
spectra seems to be less pronounced compared to those in the C and O K-edges, in agreement with the fact 




that the imide group is chemically stable. However, slight energy shifts are observed at N2’ and N3’ 
towards higher energy. The energy shifts are larger upon deposition of In on DiMe-PTCDI than Cs on 
DiMe-PTCDI, which is again an indication of the higher rate of charge transfer between In and DiMe-
PTCDI than between Cs and DiMe-PTCDI. 
The main difference between the deposition of metals on the PTCDA and the DiMe-PTCDI films is found 
in the energy positions and the intensities of O1 and O1’ (Fig.12(e),(f) and Fig.15(e),(f)). As discussed, 





































Figure 8.13. C K-edge NEXAFS spectra at two different (0o and 70o) angles between the incidence 
photon and the surface normal for (a) DiMe-PTCDI film of 20 nm thickness, (b) 0.7 nm Ag, (c), (d) 
0.03 and 0.1 nm Cs, and (e), (f) 0.3 and 0.7 nm In on 20 nm DiMe-PTCDI films. Solid lines are guides
for the eye. 
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Figure 8.14. N K-edge NEXAFS spectra at two different (0o and 70o) angles between the incidence 
photon and the surface normal for (a) DiMe-PTCDI film of 20 nm thickness, (b) 0.7 nm Ag, (c), (d) 
0.03 and 0.1 nm Cs, and (e), (f) 0.3 and 0.7 nm In on 20 nm DiMe-PTCDI films. Solid lines are guides
for the eye. 




degree of single bond character, due to charge transfer between the metal and the molecule and subsequent 
redistribution of the charge in the molecule. The peak O1’ after the In deposition is located at (532.7±0.2) 
eV, shifted by (0.6±0.2) eV towards higher energy relative to O1 for In/PTCDA (Fig.8.12). This energy 
position is even closer to that of the peak O2 at (534.0±0.2) eV than O1 at (531.3±0.2) eV for bare 
PTCDA films, indicating that the C=O bonds in the DiMe-PTCDI molecule appears to lose much of its 
double bond character due to the charge transfer with In. The lower intensity of O1’ compared to O1 also 
supports a higher rate of the charge transfer between In and DiMe-PTCDI. This result is consistent with 
the PES results where the change in φ at low coverage of In is higher for In/DiMe-PTCDI than for 
In/PTCDA. 
The molecular structure of DiMe-PTCDI is simply a replacement of the anhydride group in the PTCDA 
by the methylimide group and the chemical properties of the perylene core and the carboxylic group in 
both molecules are expected to be similar. As reasons of the stronger charge transfer between In and 
DiMe-PTCDI, the formation of a covalent bond via O atom in the C=O should be excluded because in this 
case similar changes to those for In/PTCDA would occur in the NEXAFS spectra. Moreover it is unlikely 
that a strong charge transfer occurs through the imide group due to its chemical stability. Therefore, it can 
be deduced that the charge transfer between In and DiMe-PTCDI occurs via the methyl pendant group in 
addition to the π-conjugated part of the molecule. The possibility of the covalent bond formation between 
In and the methyl group cannot be excluded. This can occur when the two other valence electrons of In are 



































Figure 8.15. O K-edge NEXAFS spectra at two different (0o and 70o) angles between the incidence 
photon and the surface normal for (a) DiMe-PTCDI film of 20 nm thickness, (b) 0.7 nm Ag, (c), (d) 
0.03 and 0.1 nm Cs, and (e), (f) 0.3 and 0.7 nm In on 20 nm DiMe-PTCDI films. Solid lines are guides
for the eye. 






Electrical measurements of organic 
modified GaAs Schottky Contacts 
 
 
In this chapter, a model system of the organic modified Schottky contacts is fabricated using PTCDA as 
organic interlayers and Ag as top electrodes. Two different GaAs(100) surfaces, i.e. the GaAs(100) 
surface cleaned by hydrogen plasma (denoted as GaAs(100)) and S-GaAs(100) surfaces, are used as 
substrates in order to see the influence of different chemical and electronic properties on the electrical 
measurements (J-V, C-V). The measurements were performed both in situ and ex situ. The in situ 
characterization of organic-based devices is very important in order to understand intrinsic transport 
properties in the organic layer. First, results of the electrical measurements for Ag/GaAs(100) Schottky 
contacts that are used as reference samples were shown. The reproducibility of the measurements will be 
confirmed. Then, the influence of the PTCDA interlayer on the in situ electrical measurements will be 
shown and understood on the basis of the interface electronic structures obtained using PES in Chap.6 and 
8. Finally, the influence of air exposure of the device on the J-V characteristics will briefly be discussed. 
 
9.1. Ag/GaAs(100) contacts 
 
Figure 9.1 shows a current density (J) vs. applied voltage (V) plot for Ag/GaAs(100) and Ag/S-GaAs(100) 
Schottky contacts on a semi-logarithmic scale. The J-V measurements were performed in situ at RT. The 
results clearly show a dramatic increase of the current when the S-GaAs(100) surface is used. The J-V 
characteristics of the two unmodified Schottky contacts exhibit a linear behavior for applied voltages V > 
3kT/e0 (~ 0.08 eV at RT). Thus, the forward bias J-V curves for the two unmodified Schottky contacts may 
be described using thermionic emission over the barrier (Eq.2.34). The two empirical parameters used to 
describe the forward bias J-V characteristics are the ideality factor (n) that indicates the diode quality, and 
the Schottky barrier height (ΦBn) [Rho88]. Since GaAs(100) substrates used are n-type, electrons are the 
majority carrier and ΦBn is the energy distance between EF and ECBM. For fitting, these parameters are 
assumed to be independent of the applied voltage. The fitted curve and the resulting parameters are also 
shown in Fig.9.1. For the Ag/GaAs(100) and Ag/S-GaAs(100) Schottky contacts, ΦBn are (0.82±0.01) and 
(0.59±0.01) eV and n are (1.1±0.01) and (1.09±0.01), respectively. The decrease of ΦBn is attributed to 




additional surface dipole induced by the S modification of the GaAs(100) surface. Those values of ΦBn are 
in agreement with the values obtained using PES [Hoh98c,Vit89]. 
As Tung et al. pointed out [Tun92,Sul91], inhomogeneity at the interfaces may play an important role and 
have to be considered in the evaluation of experimental J-V characteristics. The interface inhomogeneity 
can be checked by measuring J-V characteristics of many different diodes. Fig.9.2 shows the distribution 
of ΦBn and n taken from 19 different diodes of Ag/S-GaAs(100) Schottky contacts. All the values are close 
to each other and the distributions look like the Gaussian lineshape, indicating very homogeneous 

















































Figure 9.1. In situ J-V characteristics of Ag/GaAs(100) and Ag/S-GaAs(100) Schottky contacts on a 
semi-logarithmic scale. The measurements were performed at RT. The fitting results of the forward 
bias region using thermionic emission over the barrier are also shown. 
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Figure 9.2. Distribution of ΦBn and n, derived from in situ and ex situ J-V characteristics measured at 
RT for 19 different diodes of Ag/S-GaAs(100). The ex situ measurements were performed 24 hr after 
taking the samples out of UHV chamber. 




interfaces at Ag/S-GaAs(100) and reproducibility of the measurements. Similar distributions are observed 
for ΦBn and n of the Ag/GaAs(100) contacts. 
An exposure of the Ag/GaAs(100) and Ag/S-GaAs(100) contacts to air does not change values as well as 
distributions of ΦBn and n (Fig.9.2). It seems that the diffusion of air into the contacts does not have a 
significant impact on the covalently bonded Ag/GaAs(100) interfaces. The stability of the reference 
samples is advantageous in order to investigate the influence of air exposure on the transport properties of 
the organic layer in the organic modified Schottky contacts. 
It should also be mentioned that usually the forward bias J-V characteristics considerably deviate from 
linearity due to the effect of parameters such as the series resistance (R) with contribution from the GaAs 
bulk, its ohmic back-contacts, and external connections when the applied voltage is sufficiently large. The 
values of R obtained by curve fitting for both unmodified and organic modified Schottky contacts are 
always below 15 Ω. At this value, a downward curvature in the J-V characteristics caused by R only 
appears at applied voltages higher than ~ 0.6 V. 
Figure 9.3 shows in situ C-V characteristics measured at 1 MHz for the Ag/GaAs(100) and Ag/S-
GaAs(100) Schottky contacts. A slight bias dependence of the slope of 1/C2 vs. V is observed for the 
Ag/S-GaAs(100) contacts. This can be attributed to the passivation of dopants at the surface region by the 
S treatment. The net donor concentration Nd and the flat band barrier height can be obtained by fitting the 
linear region in the C-2 vs. V plots with Eq.2.37. For Ag/S-GaAs(100), the reverse bias region below 1 V is 
chosen for the linear fitting. Nd is found to be in the range of (2.1 ~ 3.4)×1017 cm-3. The calculated ΦBn 
from the C-V measurement are (0.96±0.02) and (0.72±0.02) eV for the Ag/GaAs(100) and Ag/S-
GaAs(100) Schottky contacts, respectively. Those are ~ 0.13 eV higher than values obtained from J-V 
measurement. The slightly lower values of ΦBn obtained from the J-V characteristics are often observed in 
metal/semiconductor Schottky contacts and can be attributed to a barrier height lowering due to image 
force and a contribution of tunneling effect [Lid00]. 
 
 
























Figure 9.3. In situ C-V characteristics of Ag/GaAs(100) and Ag/S-GaAs(100) Schottky contacts 
measured at 1 MHz. 





9.2. Ag/PTCDA/GaAs(100) contacts 
 
9.2.1. J-V characteristics 
Figure 9.4 shows the in situ J-V characteristics of Ag/PTCDA/GaAs(100) for different PTCDA interlayer 
thickness (dPTCDA). With increasing dPTCDA the current is increasing, indicating that the barrier height 
(ΦBn,eff) is effectively lowered. The increase in the current is observed up to dPTCDA = 30 nm above which 
the current at low biases seems to be saturated. For reverse biases and forward biases below 0.4 V a 
behaviour typical for thermionic emission is observed. For a dPTCDA > 5 nm and applied voltages larger 
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Figure 9.5. In situ J-V characteristics of Ag/PTCDA/S-GaAs(100) contacts on a semi-logarithmic scale 
as a function of the PTCDA interlayer thickness at RT. The contact area is 2.1×10-7 m2. 
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Figure 9.4. In situ J-V characteristics of Ag/PTCDA/GaAs(100) contacts on a semi-logarithmic scale 
as a function of the PTCDA interlayer thickness at RT. The contact area is 2.1×10-7 m2. 




than 0.4 V, downward curvatures are observed, indicating the J-V characteristics are now considerably 
influenced by the transport properties of the organic materials. The deviation from the linear behaviour 
becomes higher as dPTCDA increases, which can be described by the SCLC in the PTCDA layer given in 
Eq.2.7. The applied voltage where the SCLC in the PTCDA interlayer begins to influence the J-V 
characteristics is 0.2 eV, as calculated using Eq.2.8. However, at applied voltages below 0.4 V thermionic 
emission over the barrier is still a dominant process. 
The in situ J-V characteristics of the Ag/PTCDA/S-GaAs(100) contacts are displayed in Fig.9.5. The 
current behaviour also strongly depends on the PTCDA interlayer thickness. However, opposite to the 
behaviour of the Ag/PTCDA/GaAs(100) contacts the current first decreases at dPTCDA = 6 nm compared to 
the unmodified contact in the reverse and the low forward bias region. Then the current increases with 
increasing dPTCDA.  
For the determination of the diode parameters (ΦBn,eff, n) and effective electron mobility (µeff) in the 
PTCDA layer, the contribution of the SCLC and series resistances to the charge transport have to be taken 
into account in addition to thermionic emission over the barrier. The fitting procedure is described in 
detail in Chap.3. The resulting ΦBn,eff and other parameters of the two types of contacts are shown in 
Fig.9.6 and Table 9.1. ΦBn,eff varies in the range of (0.64 ~ 0.82±0.02) eV and (0.54 ~ 0.73±0.02) for the 
Ag/PTCDA/GaAs(100) and Ag/PTCDA/S-GaAs(100) contacts, respectively. The result indicates the 
possibility of tuning the ΦBn,eff by introducing a thin organic interlayer and by using different surface 
modification of the GaAs(100). Even lower values of ΦBn,eff compared to that of the reference sample are 
observed, even though the carrier mobility in the organic layer is known to be much lower than that of 
inorganic semiconductor. Considering a variety of organic materials, a broader range of the ΦBn,eff 
engineering may be possible by using organic materials having different µeff. Therefore, this observation 
indicates another potential application of organic materials in electronic devices as means of reducing the 
power consumption by tuning ΦBn,eff. 
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Figure 9.6. Effective barrier height as a function of the PTCDA interlayer thickness for
Ag/PTCDA/GaAs(100) and Ag/PTCDA/S-GaAs(100) contacts. 




An introduction of an organic interlayer in both type of contacts increases n as well. This is attributed to 
an increasing contribution of tunneling through the barrier formed between the PTCDA layer and the 
substrate surface. Compared with the lineshape of the forward bias J-V characteristics below 0.2 V where 
the effect of SCLC in the PTCDA layer is very small, a higher downward curvature is observed for 
Ag/PTCDA/S-GaAs(100) contacts. Accordingly higher values of n result from fitting. Since the S 
modification results in the reduction in the built-in potential in the GaAs(100), more carriers can exist in 
the GaAs side of the interfaces. Therefore, the tunneling probability is higher at the PTCDA/S-GaAs(100) 
interfaces, leading to higher n.  
The different values of µeff of the carriers in the two types of contacts imply the difference in the quality of 
the grown PTCDA layer because µeff does not depend on the interface properties. As can be seen in Table 
9.1, µeff is generally higher for PTCDA grown on the S-GaAs(100) surface than that on the GaAs(100), 
indicating higher crystallinity of the PTCDA layer. This agrees with a previous LEED study of PTCDA 
grown on different GaAs(100) surfaces [Hir94], where the passivated GaAs(100) surface results in a better 
ordered PTCDA film. Taking into account the lower attenuation of the GaAs bulk core level components 
in the core level spectra upon PTCDA deposition on the S-GaAs(100) surface, it is likely that the increase 
in the crystallinity in the PTCDA layer is due to a reduction of the interaction between the PTCDA film 
and the GaAs(100) surface by passivating the chemically active sites on GaAs(100) surfaces. 
 
Table 9.1. Diode parameters (n and µeff) obtained by fitting J-V characteristics for 
Ag/PTCDA/GaAs(100) and Ag/PTCDA/S-GaAs(100). 
 Ag/PTCDA/GaAs(100) Ag/PTCDA/S-GaAs(100) 
PTCDA 
thickness / nm n 
µeff 
/ cm2/Vs n 
µeff 
/ cm2/Vs 
0 1.10  1.09  
3 1.14 (3.0 ± 1.5)⋅10-2   
5 1.17 (5.7 ± 0.7)⋅10-3   
6   1.08 (3.2 ± 0.9)⋅10-2 
12 1.18 (1.8 ± 0.02)⋅10-3 1.66 (3.3 ± 1.0)⋅10-3 
15 1.17 (3.0 ± 0.04)⋅10-3   
30 1.28 (1.3 ± 0.04)⋅10-2 2.2 (2.2 ± 0.4)⋅10-2 






























Figure 9.7. Energy level diagram for Ag/PTCDA/GaAs(100) and Ag/PTCDA/S-GaAs(100) Schottky 
contacts measured using PES. The diagram can explain the effective barrier height at dPTCDA < 6 nm. 




The change in ΦBn,eff as a function of dPTCDA can be quantitatively explained using the energy level 
diagrams determined in Chap.6 and 8 by PES. This is shown in Fig.9.7. For the GaAs(100) surface 
cleaned by hydrogen plasma, the diagram of PTCDA/GaAs(100)-c(4×4) is used. This can be justified by 
the fact that the positions of EF relative to EVBM as well as IES of the two surfaces are very similar 
(Fig.5.10). Starting with the lowest dPTCDA of Ag/PTCDA/GaAs(100) contacts, the ΦBn,eff decreases 
slightly, indicating that ELUMO is below ECBM of the GaAs(100) surface. This is in agreement with the 
energy position of ELUMO obtained by a linear fitting of the interface dipole (∆) vs. EAs plot, where ELUMO 
is located 0.17 eV below ECBM. Initial increase of ΦBn,eff at low dPTCDA of Ag/PTCDA/S-GaAs(100) 
contacts, then, indicates ELUMO above ECBM. The distance between ELUMO and ECBM can be estimated by the 
initial increase in ΦBn,eff to be 0.13 eV. The transport HOMO-LUMO gap of the PTCDA layer estimated 
from the results is 2.51 ~ 2.54 eV, in agreement with the values of 2.44 ~ 2.55 eV obtained using the ∆ vs. 
EAs plot. 
A further increase in dPTCDA results in a decrease in ΦBn,eff. The decrease in ΦBn,eff can be explained by a 
strong contribution of the low dielectric constant material PTCDA (ε = 1.9) [Zan91] to image force 
lowering at the PTCDA/GaAs interface. The image force lowering at Ag/GaAs interface can be estimated 
to be 0.05eV using the formula given by Rhoderick and Williams [Rho88]. In a very simple approach, one 
may substitute dielectric constant of the GaAs by that of PTCDA. This results in an image force lowering 
of about 0.2eV, which is in good agreement with the experimentally determined decrease in ΦBn,eff. 
In Fig.9.9, the C-V characteristics of the Ag/PTCDA/GaAs(100) and Ag/PTCDA/S-GaAs(100) contacts 
are shown as a function of the PTCDA interlayer thickness. The measurements were performed in situ at f 
= 1MHz. In both cases, no clear dependence of the PTCDA thickness is revealed. Only the 
Ag/PTCDA/GaAs(100) contact with 50 nm PTCDA layer distinctly shows a lower capacitance. 
Forrest et al. described the ex situ C-V characteristics of metal/PTCDA/Si contacts, using an equivalent 
circuit composed of two parallel RC circuits and a series resistance. One RC circuit corresponds to the 
capacitance (Co) and resistance (Ro) from the PTCDA layer and the other RC represents the capacitance 
(CD) and resistance (RD) stemming from the depletion region at the PTCDA/Si interface. In this case, 
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Figure 9.8. In situ C-V characteristics as a function of PTCDA thickness for (a) 
Ag/PTCDA/GaAs(100) and (b) Ag/PTCDA/S-GaAs(100) contacts  measured at 1 MHz. 















However, the analysis of our measured C-V characteristics using this equivalent circuit gives an unrealistic 
dielectric constant (εr,org = 31) for the PTCDA. In addition, since there is no dependence of the PTCDA 
thickness on the C-V characteristics, it can be concluded that the PTCDA layer does not contribute to the 
overall capacitance. The capacitance basically stems from the space charge region of the GaAs(100) 
surface which does not change upon the PTCDA deposition. This also agrees with the fact that the band 
bending of the GaAs(100) does not change upon the PTCDA deposition, as evidenced by the absence of 
the binding energy shifts of Ga1 and As1 bulk core level components (Chap.6). The slight lowering of C 
upon introducing the PTCDA interlayer can be explained using additional capacitance (Ci) at 




9.3. Air exposure of Ag/PTCDA/GaAs(100) contacts 
 
In order to investigate the effect of aging on the organic modified Schottky contact, the Ag/PTCDA/S-
GaAs(100) contact with 30 nm PTCDA thickness was chosen and the J-V measurements were performed 
as a function of aging time in vacuum as well as in air. The results are shown in Fig.9.9. The storage of the 
sample in a high vacuum of 10-7 mbar for 10 days results in only a slight decrease in current and the 
scatter of the J-V characteristics measured at different dots is comparable to that measured just after the 
sample preparation. The change becomes significant when the sample was taken out of the UHV chamber. 
The behaviour clearly shows a time dependent decrease in current. Upon air exposure below 30 min the 
decrease in current already exceeds the amount of change occurring for 10 days in 10-7 mbar. The current 
after 6 days in air is lowered by more than three orders magnitude. The current decrease as a function of 
air exposure time clearly indicates the diffusion of air into the PTCDA layer. In addition, the downward 
curvature observed at the applied voltage of around 0.2 V for the in situ prepared sample curve becomes 
linear. It should also be mentioned that the longer the sample is exposed to the air, the bigger scatter in the 
J-V characteristics is observed. 
The evolution of ΦBn,eff and n evaluated by fitting the J-V characteristics from Fig.9.10 is shown in 
Fig.9.10. A correlation is found between ΦBn,eff and n, namely the increase in ΦBn,eff is accompanied by the 
decrease of n. The change in n indicates that the transport behavior of the contact after the air exposure is 
governed by thermionic emission over the barrier. 




In Fig.9.11, ex situ J-V characteristics for Ag/PTCDA/GaAs(100) contacts are shown as a function of the 
PTCDA thickness. The current for all the modified contacts lies below that of the reference curve. Despite 
the scatter in the forward bias region, it can be seen that all the J-V characteristics are similar irrespective 
of the PTCDA thickness. 
The three different reasons for the decrease of the current can be considered: the formation of traps in the 
PTCDA layer, the oxidation of the GaAs(100) surfaces, changes in the energy levels of the PTCDA layer. 
First, let us consider the effect of traps in the PTCDA layer. The current can be reduced due to the 
presence of traps in the organic layer [Pop81]. Additional charge deep level transient spectroscopy 
(QDLTS) results reveal that the air exposure increases the trap densities significantly and that the trap 





















































Figure 9.10. The evolution of diode parameters (ΦBn,eff, n) upon aging in vacuum and in air for the 
Ag/PTCDA/S-GaAs(100) contact with 30 nm PTCDA thickness. 
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Figure 9.9. J-V characteristics for Ag/PTCDA/S-GaAs(100) contact with 30 nm PTCDA thickness
upon aging in vacuum and in air. 




have a more impact on µeff rather than on ΦBn,eff, and on a high bias region rather than low bias region. This 
is because the low bias region of the J-V characteristics determines ΦBn,eff. Thus, the traps cannot be the 
major contribution to such a dramatic decrease in current in the low bias region. Second, due to the 
diffusion of air into the PTCDA layer, the GaAs(100) surface (because of no chemical bond between the 
PTCDA molecule and the GaAs(100) surface) will be oxidized. The most significant effect of the 
oxidation is that the electrons must first tunnel through the insulating layer, thus the injection will 
substantially reduced. The oxidation can also change the EF position at the GaAs(100) surface, which 
results in changes in the VB and CB offset at the PTCDA/GaAs(100) interface. The lowering of the 
injection decreases the current, as a result a reduction of the tunneling probability. This is shown in 
Fig.9.9. Finally, the incorporation of air, most probably due to water or oxygen in the air, can act as 
doping of the PTCDA layer, leading to changes in the energy position of the Fermi level relative to the 
HOMO or LUMO edges. Considering the energy band diagram of Ag/PTCDA/GaAs(100), the increase in 
ΦBn,eff, can be explained due to the movement of the Fermi level position towards HOMO. Accordingly, 
the LUMO position will also move above the CBM of the GaAs(100) surface and then the barrier height 
for electrons will effectively increase. 
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Figure 9.11. Ex situ J-V characteristics as a function of the PTCDA thickness for 
Ag/PTCDA/GaAs(100) contacts. 









In this work, semiconducting organic materials are employed as an interlayer of metal/GaAs(100) 
Schottky contacts as a means of controlling transport properties of the device. In order to understand the 
device characteristics, the chemical and electronic properties of the GaAs(100) surfaces as well as organic 
semiconductor/GaAs(100) and metal/organic semiconductor interfaces were investigated using surface 
sensitive techniques of PES and NEXAFS. The interface electronic structures obtained by PES techniques 
enable one to explain the results of the electrical measurements. 
The different GaAs(100) surfaces are prepared in different methods, i.e. clean GaAs(100)-c(4×4) surfaces, 
hydrogen-plasma treated surfaces, and Se-passivated surfaces by evaporating element Se atoms using 
molecular beam deposition (MBD) under UHV condition, and S-passivated surfaces by a wet chemical 
etching in the oxygen free S2Cl2 solution and subsequent annealing. The wet chemical etching of GaAs 
surfaces in the S2Cl2 solution is very effective, in that strong Ga-S bonds form and the band bending of the 
surface is determined at the stage of the etching. The chemical and electronic structures of the surfaces 
after annealing are essentially the same as those of the Se-GaAs(100) surfaces. The results indicate that the 
S2Cl2 treatment of the GaAs(100) surfaces can practically replace other chalcogen treatment methods 
using MBD. 
The interaction between PTCDA molecules and GaAs(100) surfaces is weak. However, a noticeable 
interaction is observed between PTCDA molecules and defect sites of the substrate surfaces, resulting in a 
reduction of the inhomogeneous band bending of the substrate surfaces. The adsorption of a very little 
amount of PTCDA molecules on the defects suppresses the adsorption induced gap states during the 
deposition of Mg on the Se-GaAs(100) surface. These two results indicate the possibilities of using 
organic molecules in characterizing the semiconductor surfaces and investigating a transient behaviour 
during the formation of Schottky contacts. 
At PTCDA/GaAs(100) interfaces, the interface dipoles are found to form according to the relative energy 
position of the conduction band minimum (CBM) of the GaAs(100) surfaces to the lowest unoccupied 
molecular orbital (LUMO) of the PTCDA films. From this it is proposed that the alignment of energy 
levels at the interfaces is driven by the difference in the electron affinity (EA) of the films and the 
substrate surfaces. This provides a new method to determine the transport level of electrons (LUMO) of an 
organic film by systematically varying EA of substrate surfaces with a known band gap. 
The deposition of Ag on the PTCDA and DiMe-PTCDI films forms unreactive interfaces while there is a 
strong charge transfer when In is deposited on the molecules. For the In deposition on the organic films, 




new states appear in the HOMO-LUMO gap of the organic films. Intermediate charge transfer is revealed 
between Cs and the organic films. The analysis of the NEXAFS results indicates that the charge transfer 
between In (or Cs) and PTCDA is not accompanied by the formation of covalent bonds via the carboxylic 
group in the molecules. The charge transfer occurs via overall π-electron system, followed by the 
redistribution of the charge in the molecules. In the case of DiMe-PTCDI, however, the possibility of the 
covalent bond formation still remains via two dimethyl groups in the molecule. 
The crystalline structures of the metal layer on the PTCDA and DiMe-PTCDI films are found to be 
different, resulting in different values of surface work function. The PTCDA film that shows higher 
crystallinity that the DiMe-PTCDI film results in higher crystalline metal overlayer. This indicates that the 
molecular and crystalline structure of the underlying organic film have a great impact on the growth of the 
metal overlayer. Thus, extreme care should be taken to predict the energy level diagram of metal/organic 
interfaces by simply using the work function previously reported. 
The S passivation of the GaAs(100) surfaces results in an increase of current by three orders of magnitude 
in the J-V characteristics of Ag/GaAs(100) Schottky contacts due to the formation of an additional 
interface dipole. By introducing a thin organic molecular thin film between Ag and GaAs(100), the 
effective barrier height in the J-V characteristics systematically varies depending on the PTCDA layer 
thickness and the GaAs(100) surface treatment. The results of J-V characteristics can well be explained 
using the energy level diagrams obtained by PES and the barrier lowering due to image force. In 
conclusion, the combination of the chalcogen treatment of the GaAs surface with an introduction of an 
organic film can provide a broad range of the effective barrier height in a precisely controllable way. 
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• Mittels Photoemissionsspektroskopie (PES) wurden die Energieniveaus von unterschiedlich 
behandelten GaAs(100)-Oberflächen, nämlich reinen GaAs(100)-c(4×4), H-plasmabehandeltem 
GaAs(100), naßchemisch S-passiviertem GaAs(100), sowie Se-passivierte, durch 
Molekularstrahldeposition im Ultrahochvakuum präparierte GaAs-Oberflächen, bestimmt. 
• Naßchemisch S-passivierte GaAs-Oberflächen haben eine ähnliche chemische Struktur wie Se-
passivierte GaAs-Oberflächen. 
• Nach einer S2Cl2-Behandlung wird auf GaAs(100)-Oberflächen die Bildung von S-Ga- und S-S-
Bindungen beobachtet. Beim Tempern bleibt die Oberflächenbandverbiegung unverändert.  
<Organisches Molekül/GaAs Grenzflächen> 
• Beim Aufdampfen von PTCDA-Molekülen auf GaAs(100)-Oberflächen werden die 
Rumpfniveauspektren der Oberflächenkomponente schärfer. Das ist ein Indikator für die Reduktion 
der inhomogenen Bandverbiegung durch die Adsorption von Molekülen an Defekten auf der 
GaAs(100)-Oberfläche. 
• Energieniveaudiagramme von PTCDA und DiMe-PTCDI-Schichten auf verschiedenen GaAs(100)-
Oberflächen wurden aus PE-Spektren bestimmt. 
• Entsprechend den relativen energetischen Lagen des Leitungsbandminimums (CBM) von GaAs(100)-
Oberflächen und des niedrigsten unbesetzten Molekülorbitals der organischen Schichten werden 
Interfacedipole gebildet. Dementsprechend ist für diese Grenzflächen die „vacuum level alignment 
rule“ nicht anwendbar. 
<Metall/organisches Molekül Grenzfläche>  
• Ag bildet auf PTCDA und DiMe-PTCDI nichtreaktive Grenzflächen. Im Gegensatz dazu tritt während 
der Deposition von Cs und In auf diese organischen Moleküle Ladungstransfer auf.  
• Der Ladungstransfer zwischen In und PTCDA kann nicht auf die Ausbildung von kovalenten 
Bindungen über die vier Carboxylgruppen zurückgeführt werden.  
• Die molekulare und kristalline Struktur des darunterliegenden organischen Films beeinflusst in 
starkem Maße die kristalline Struktur der Metalle auf den organischen Filmen. 
<Elektrische Messungen von Ag/PTCDA/GaAs-Heterostrukturen> 
• In Abhängigkeit von der PTCDA-Schichtdicke und der Behandlung der GaAs-Oberfläche verändern 
sich die Strom-Spannungs-Kennlinien (J-V) in charakteristischer Weise. Dieses Verhalten kann unter 
Verwendung des Energieniveaudiagramms, das mittels PES bestimmt wurde, und durch eine 
Barrierenerniedrigung infolge von Bildkräften gut erklärt werden. 
• In den PTCDA-Schichten wird keine Raumladungszone ausgebildet. Die Kapazität der  
Ag/PTCDA/GaAs(100)-Kontakte stammt von der Raumladunszone des GaAs  
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